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Abstract 
 
 
 
 
Gram-negative bacteria are surrounded by two distinct membranes delimiting the periplasm. 
The inner-membrane (or cytoplasmic membrane) is composed of a phospholipid bilayer 
whereas the outer-membrane is asymmetric and composed of lipopolysaccharides in the outer 
leaflet and phospholipids in the inner leaflet. Both membranes are spanned by numerous 
membrane proteins. These are various and their genes are representing about 30% of the 
genome in living organisms. Although the first membrane protein structures were solved in 
the 80s using X-ray crystallography, structural data is still very limited. This dissertation 
groups our contributions to this field in the last few years and is divided in three parts. 
 
A first chapter will describe our work on the structural characterization of proteins from the 
KdgM family. This family of small porins has been first identified in Dickeya dadantii a 
plant pathogen. It has been shown that members of that specific porin family are able to 
transport acidic (oligo)saccharides but the structural and biochemical data remain scarce. We 
undertook to study this family using X-ray crystallography working in parallel on several 
homologues. The chapter is divided in three parts: (I) the purification of the Escherichia coli 
NanC porin, a member of the KdgM family involved in the uptake of sialic acid, its 
crystallization and structure determination at 1.8 Å resolution; (II) the discussions concerning 
the biological implications of the NanC structure that was published in a research article as 
well as additional discussions, and (III) the still ongoing work on the purification and 
crystallization of KdgM using microseeding matrix screening and surface entropy reduction. 
 
In a second chapter, we will discuss a new crystal form of OmpF, the general porin of E. coli. 
OmpF is probably the best studied outer-membrane general porin as it is very abundant and 
rather easy to purify. It has also been used as a model to study translocation of ions through 
porins. Since it first structural determination, OmpF structures have been determined in 
several space groups. Here we report a new crystal form diffracting to 2.7 Å resolution and 
we discuss the presence of 32-symmetry related, honeycomb like layers reoccurring in almost 
all OmpF crystal forms and formed by identical contacts. 
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The last chapter will discuss the purification and crystallization attempts of the inner-
membrane sucrose specific permease IIBCsuc from Salmonella typhimurium and of its 
complex with a Fab antibody fragment. This protein belongs to the phosphoenolpyruvate: 
sugar phosphotransferase system (PTS) which is ubiquitous in eubacteria, but is not found in 
other organisms. The PTS belongs to the group translocation super-family of transporters and 
is composed of proteins or domains allowing the specific uptake of a sugar and its 
concomitant phosphorylation. Apart from topology studies, no structural data is available on 
the sugar translocation proteins of the PTS whereas all other members have been 
characterized. In order to increase the crystallization ability of the IIBCsuc permease, we used 
monoclonal antibodies Fab fragments to enlarge the hydrophilic surface of the permease and 
to rigidify its structure. Fab fragment production, purification and binding will be discussed 
as well as crystallization trials of IIBCsuc-Fab complexes. 
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 1 
Preamble: Membrane proteins 
 
 
 
 
The cytoplasm of a cell is separated from the extracellular environment by a (or several) 
lipidic membrane(s). The proteins located in the membrane are playing an essential role in 
cell life, as they assume critical functions such as the uptake of the nutrients necessary for its 
survival or the sensing of all types of signals coming from the environment. Because of these 
critical functions, membrane proteins are also important pharmaceutical drug targets.  
 
Genes coding for membrane proteins are representing about 30% of the genome contents. 
Today, more than 60000 structures of proteins are deposited in the Protein Data Bank (PDB), 
therefore, there should be about 20000 membrane protein structures in this depository. 
However, the reality is very different. Compared to the vast majority of soluble proteins, 
membrane proteins are more difficult to express, to solubilise and to crystallize. Furthermore, 
there are often additional problems such as low protein solubility or stability. Therefore, on 
membrane proteins structures are representing less than 1% of the total structures known. The 
difficulty to obtain their 3-dimensional structure and therefore to obtain fundamental 
knowledge as well as their therapeutic potential, makes structural studies on membrane 
proteins challenging but clinically relevant. 
 
During this work, we focussed on Gram-negative bacteria that are surrounded by two 
membranes delimiting a cellular compartment called periplasm. The outer-membrane is an 
asymmetric selective barrier composed of a layer of phospholipids on the periplasmic side and 
a layer of lipopolysaccharide turned to the extracellular environment. The inner-membrane (or 
cytoplasmic membrane) is composed of a phospholipid bilayer (Figure 1). Both membranes 
are spanned by many proteins allowing signalling and passage of nutrients or waste molecules. 
The outer-membrane is a semi-permeable barrier. Small molecules with a typical size of less 
than 600 Da can diffuse through β-barrel proteins called porins that can be specific or not for 
one particular molecule or class of molecules. Bigger nutrients (such as vitamin B12) can also 
cross the outer-membrane via bigger protein channels but are not diffusing freely as this 
process is energy dependent. The inner-membrane is much more impermeable as no wide 
 2 
open water filled channels exist. To allow translocation, flexibility is required and likely 
obtained thank to their α-helical folds. In the inner-membrane, proteins are involved in other 
cellular processes such as signal transduction or energy formation. 
 
 
Figure 1: Schematic representation of a Gram-negative bacterium membrane organisation 
 
 
 
In this thesis, results concerning inner- and outer-membrane proteins will be presented in 
three main parts: (I) the KdgM family of specific porins including the crystal structure of 
NanC, a member of that family responsible for the uptake of sialic acid in Escherichia coli, 
(II) the crystal structure of OmpF, a general porin of E. coli in a new space group and, finally, 
(III) the expression, purification and crystallization trials of enzyme IIBCsuc, a sugar specific 
permease from Salmonella typhimurium, with and without the help of antibody Fab fragments. 
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Chapter I 
 
 
 
 
 
 
 
 
 
Structural characterisation of the  
KdgM outer-membrane protein family  
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Introduction 
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Outer-membrane pore forming proteins: functional classification  
 
Gram-negative bacteria are surrounded by two membranes delimiting the periplasm. The 
outer-membrane is an asymmetric bilayer and is mostly composed of phospholipids on the 
periplasmic leaflet and of lipipolysaccharides (LPS) on the outer leaflet. This efficient 
protection barrier is spanned by numerous outer-membrane proteins. Amongst the variety of 
functions, pore forming proteins called porins, are allowing uptake of nutrients and removal 
of waste or toxic molecules (Nikaido & Vaara, 1985). In Gram-negative bacteria, proteins 
involved in nutrient translocation can be classified in three distinct categories (Delcour, 2003; 
Nikaido, 2003).  
 
The so-called general (or non-specific) porins, constitute the majority of expressed proteins 
present in the outer-membrane. Proteins from this well described category are responsible for 
the translocation of small (less than 600 Da of molecular weight) solutes through the outer-
membrane with very little selectivity (Nikaido, 2003). The flux of molecules through a non-
specific pore forming protein is driven by the concentration gradient between the extracellular 
environment and the periplasm and is directly proportional to the concentration difference 
between these two compartments. The well studied OmpF from Escherichia coli belongs to 
this subcategory (see Chapter II).  
 
The members of the second category, called specific porins or outer-membrane substrate 
specific channels, differ from the general porin by their ability to bind a given solute via a 
saturable binding site (Schirmer, 1998). The presence of this binding site confers to channels 
a higher efficiency in translocating molecules at a low extracellular concentration compared 
to general porins. As specific porins have a binding site with a given affinity, an analogy with 
enzymes has been proposed and therefore the translocated solute is also sometimes called the 
substrate of the specific porin (Schirmer, 1998). The KD values range from millimolar (for the 
maltose specific porin from E. coli (Benz et al, 1987)) to sub-micromolar (for the phosphate 
specific porin OprP from Pseudomonas aeruginosa (Moraes et al, 2007)). 
 
Finally, the third category, called outer-membrane receptors, comprises proteins able to 
translocate larger substrates (600 to 1500 Da) such as siderophores or vitamine B12 (Ferguson 
& Deisenhofer, 2002). In contrast with other porins, the members of this outer-membrane 
protein family are not forming continuous open channels as they are occluded by a so-called 
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“plug” domain. In addition, these proteins require energy provided by the inner-membrane 
TonB complex in order to transport their substrate (Braun & Endriss, 2007).  
 
 
Outer-membrane pore forming proteins: structural classification 
 
During the last 20 years, 3-dimensional structures from outer-membrane pore forming 
proteins (OMPs) belonging to all the functional categories have been obtained. OMPs can 
therefore also be classified according to their structures and oligomeric states (Schulz, 2002).  
 
A first structural subfamily comprises OMPs belonging to the non-specific and specific porins 
categories. Proteins belonging to this family all form water-filled hollow β-barrels, composed 
of 16 to 18 strands and are assembled in very stable trimers (Fig. I.1). Another common 
feature of this family is the presence of a loop folding back into the pore about half way 
between the periplasm and the extracellular vestibule. This loop is also called constriction 
loop, as it significantly diminishes the pore radius. This subfamily comprises porins from 
Rhodobacter capsulatus (Weiss et al, 1991), Rhodobacter blasticus (Kreusch & Schulz, 1994), 
Paracoccus denitrificans (Hirsch et al, 1997), the E. coli general porins OmpF, PhoE and 
OmpC (Basle et al, 2006; Cowan et al, 1992) as well as the general porins OmpK36 of 
Klebsiella blasticus (Dutzler et al, 1999) and Omp32 of Comamonas acidovorans (Zeth et al, 
2000). Other structures of specific outer-membrane channels such as the maltose specific 
porin LamB from E. coli (Schirmer et al, 1995) or the sucrose specific porin ScrY from 
Salmonella typhimurium (Forst et al, 1998) were also determined  and belong to that structural 
subfamily. More recently, three additional specific porins of P. aeruginosa: OprP (Moraes et 
al, 2007), OprD (Biswas et al, 2007), OpdK (Biswas et al, 2008) were also structurally 
characterized.  
 
In the last years, several other outer-membrane channel proteins have been structurally 
characterized that clearly belong to a new structural subfamily. This second structural group is 
defined by smaller proteins forming monomeric 12 to 14-stranded β-barrels (Fig. I.1). In this 
case, no loop is responsible for the channel constriction. This subfamily regroups the putative 
oligosaccharide specific OmpG (Subbarao & van den Berg, 2006; Yildiz et al, 2006), the 
nucleoside specific Tsx from E. coli (Ye & van den Berg, 2004) and three specific porins 
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involved in the uptake of hydrophobic compounds: FadL from E. coli (van den Berg et al, 
2004), TodX from Pseudomonas putida and TbuX from Ralstonia pickettii (Hearn et al, 2008).  
 
 
Figure I.1: Outer-membrane β-barrel channel proteins 
Cartoon representation of the three structural subclasses of outer-membrane channel proteins: OmpF, the 
trimeric, 16-stranded general porin from E. coli (green) (Cowan et al, 1992), the small monomeric Tsx protein 
from E. coli (magenta) (Ye & van den Berg, 2004), and FpvA a 22-stranded TonB dependent transducer from P. 
aeruginosa (cyan) (Wirth et al, 2007). In this representation, the extra-cellular side is at the top and the periplasm 
is at the bottom of the figure. 
 
 
Finally, a third structural group can be defined including the TonB dependent receptors and 
transducers such as FhuA from E. coli (Ferguson et al, 1998; Locher et al, 1998) or FpvA 
from P. aeruginosa (Cobessi et al, 2005). These proteins form huge, 22-stranded β-barrel 
occluded by a so-called “plug” domain (Fig. I.1). Some proteins, then called “transducers” 
belonging to this structural group are also acting as signal transducer for sensing of 
extracellular molecules. This subgroup is carrying an additional domain allowing the 
transduction of the signal to inner-membrane located proteins (Brillet et al, 2007; Wirth et al, 
2007). 
 
 
 
 
The KdgM family  
 10 
 
Recently, a new outer-membrane protein family, called the KdgM family, has been identified 
(Blot et al, 2002). Members of this family have the shortest sequence amongst the described 
outer-membrane channels with an average mature protein length of about 220 amino-acids. 
The first member of the family has been identified in the plant pathogen Dickeya dadantii 
(formerly called Erwinia chrysanthemi) but the protein family (Pfam accession number: 
PF06178) comprises about 300 other members today. These proteins are regrouped in a 
family based on the assumption that structural similarity can be expected due to conserved 
profiles in their sequences. KdgM homologues are present in 56, mostly Enterobacteriaceae, 
species including plant and human pathogens such as uropathogenic or food poisoning E. coli, 
Salmonella typhimurium, Yersinia pestis, Yersinia enterocolitica and Vibrio, Shigella and 
Pseudomonas species. In most cases two and up to four homologous sequences are present in 
the genome indicating a functional advantage for these bacteria to maintain several paralogues.  
 
 
D. dadantii pathogenicity  
 
D. dadantii is a plant pathogen responsible for the so-called soft rot disease (Hugouvieux-
Cotte-Pattat et al, 1996) causing huge economical lost in agricultural plants. The plant cell 
wall is, amongst others, composed of pectin, a polymer of α-1-4-linked galacturonate residues, 
some of which can be either methyl- or acetyl-esterified. D. dadantii is able to colonize 
wounded plants. During the course of infection, D. dadantii is massively secreting a pool of 
plant cell wall degrading enzymes, mostly pectinases, via the Out system (Condemine et al, 
1992; Pugsley, 1993), a type II secretion pathway (Driessen & Nouwen, 2008). More than 25 
enzymes are involved in the pectin degradation and catabolism (see Fig. I.2). Several of these 
enzymes have redundant functions but are synthesized under various environmental contexts 
or have different locations (secreted, membrane attached, periplasmic or cytoplasmic) 
(Condemine et al, 1992; Pugsley, 1993). The expression of these numerous enzymes with 
slight functional and/or regulation differences accounts for the ability of D. dadantii to 
completely degrade the plant cell wall pectin polymer into small oligogalactoronates 
molecules, leading to the soft rot disease. Oligogalacturonate (GAn), the pectin degradation 
product, is composed of heterogeneous oligomers of galacturonides ranging mostly from 
dimers (GA2) to tetramers (GA4) but also some longer chains. 
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Figure I.2: Schematic representation of the enzymes involved in pectin degradation of pectin and 
catabolism of galacturonic acid in D. dadantii (Blot et al, 2002). 
 
 
GAn can be used as nutrient by D. dadantii which possesses all enzymes requiered for its 
uptake and catabolism. Amongst these enzymes, PelX is a periplasmic exo-pectate lysase able 
to cleave GAn (n≥4) into shorter galacturonates (Shevchik et al, 1999b). The GAn 
degradation products can then enter the cytoplasm via TogMNAB and TogT (Hugouvieux-
Cotte-Pattat & Reverchon, 2001), two inner-membrane transporters. The first is an ATP-
binding cassette transporter belonging to the carbohydrate uptake transporter-1 family 
whereas the second belongs to the glycoside-pentoside-hexuronide transporter symporter 
family. In the cytoplasm PelW pectate-lyase is able to cleave GA4 and GA3, whilst GA2 is 
preferentially processed by Ogl an oligogalacturonate lyase (Shevchik et al, 1999a). The final 
products of GAn degradation are galacturonate and 5-keto-4-desoxyuronate which are further 
degraded to pyruvate and 3-phosphoglyceraldehyde. These two molecules finally enter the 
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general cellular metabolism in order to produce energy for the bacterial cell (Shevchik et al, 
1999b). All the proteins involved in pectin degradation as well as GAn entry in the cell and 
catabolism have been identified including proteins responsible for the translocation of GAn at 
the outer-membrane level. 
 
 
KdgM and KdgN  
 
The translocation of GAn across the outer-membrane of D. dadantii is mediated by KdgM 
and KdgN, two recently discovered porins belonging to the KdgM family (Blot et al, 2002; 
Condemine & Ghazi, 2007). KdgM is a 25kDa outer-membrane protein that has been 
identified as being a specific channel for galacturonic acids. The kdgM gene is part of the 
pelW-togMNAB-kdgM-paeX operon, surrounded by genes involved in pectin uptake and 
degradation (Blot et al, 2002). The regulation of kdgM is complex. The expression of the 
whole operon is controled by KdgR, a protein regulating most of the genes involved in 
pectinolysis and by a cyclic AMP receptor protein (CRP) activator (Reverchon et al, 1997). 
An additional strong internal promoter located in front of the kdgM gene allows selective 
regulation of the two last genes in the operon by PecS a protein involved in the regulation of 
several virulence factors in D. dadantii (Rouanet et al, 2004). KdgM is strongly expressed 
together with the pectinases when pectin is present in the environment.  
 
It has been shown that KdgM is essential for the transport of pectin degradation products, and 
in particular longer GAn (n ≥ 3). For smaller GAn molecules, the KdgM function can be 
taken over by the general porins of D. dadantii. As its function can be partially complemented 
by general porins, KdgM is important but not essential for D. dadantii during the course of 
plant infection. The transport ability of KdgM has been studied in vitro using 
electrophysiology experiments in lipidic bilayers resulting in the characterization of its porin 
activity. The pore of KdgM shows a conductance of 450 pS at a positive potential and is 
slightly selective for anions. To confirm, in-vitro, the translocation of GAn (n ≥ 3), 
experiments were realized with addition of trigalacturonate (GA3) to the bath of the 
electrophysiology experiment (Blot et al, 2002). This was resulting in typical records of a fast 
blocker molecule during the experiment indicating that GA3 is translocated by KdgM but that 
the translocation occurs so quickly that the single channel recording is not able to distinctly 
resolve them. At 100 mV membrane potential, a KD of 34 mM could be estimated for GA3. 
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The genome of D. dadantii is also encoding for KdgN, a close homologue of KdgM. The 
reason of this redundancy is not clear yet; however, initial data comparing KdgM and KdgN 
suggest differences in the regulation of these two proteins depending which medium is used to 
grow the bacteria (Condemine & Ghazi, 2007). This is similar to what has been observed in 
the regulation of OmpF and OmpC in E. coli but it is the first time that it is observed for 
specific porins (Batchelor et al, 2005). KdgN presents a weak selectivity for anions and a 
conductance in the range of 450-500 pS. However, even if in vivo experiments are showing a 
GA3 translocation capacity, no blockage was observed in the electrophysiology experiments 
upon addition of GA3 up to 60 mM, in contrast with KdgM (Condemine & Ghazi, 2007). 
 
 
NanC  
 
In E. coli, a homologue to KdgM has been identified and called NanC. NanC is involved in N-
acetyl neuraminic acid (Neu5Ac), the most common sialic acid uptake as it is essential for the 
survival of E. coli cells deficient in the general porins OmpF and OmpC when grown on 
minimum medium containing Neu5Ac as sole carbon source (Condemine et al, 2005). Sialic 
acids is a family of nine-carbon sugar acids mostly present in the glycoconjugates found at the 
surface of higher vertebrate cells (Angata & Varki, 2002). These acidic sugars are usually 
involved in cell-cell or cell-protein interactions as well as they can act as signalling molecules 
in the case of inflammation. Sialic acid is also a central molecule in host-pathogen 
interactions as some, mostly pathogenic, bacteria are able to utilize sialic acids in, at least, 
three distinct ways. Some bacteria, such as E. coli K1, are able to coat their cell surface with 
sialic acid molecules in order to mimic the host cell and to escape the immune system (Vimr 
et al, 2004). Some other bacteria can use sialic acid gained from the host organism as a 
valuable carbon and nitrogen rich nutrient (Severi et al, 2007; Vimr et al, 2004). Finally, it has 
been recently suggested that sialic acid plays an important role in signalling. During the 
course of inflammation, sialic acids are heavily released by host cells. This release has been 
shown to be sensed by some bacteria allowing them to escape the host immune system 
(Sohanpal et al, 2004; Sohanpal et al, 2007).  
 
Similarly to what had been done with KdgM, electrophysiology experiments on NanC 
inserted in lipid bilayer were done in order to determine its pore properties. Between low 
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positive and low negative potential, the NanC channel is open whereas at high positive or 
negative voltages, the channel is closing. Similarly to KdgM, NanC has a conductance of  
450 pS at a positive potential and is weakly selective for anions (Condemine et al, 2005). 
However, lipidic bilayer experiments could not confirm the Neu5Ac translocation activity as 
no channel fast-blocage could be observed when adding the putative substrate up to 50 mM. 
Unsuccessful tests had also been done using colominic acid a polymer molecule composed of 
very long chains of Neu5Ac. 
 
The presence of NanC is not required to allow the uptake of Neu5Ac when general porins are 
expressed in E. coli and the Neu5Ac concentration is high enough. Once in the periplasm, 
Neu5ac can be transported by NanT, a protein belonging to the major facilitator superfamily 
and will be metabolised into 6-phosphorylated N-acetyl glucosamine (GlcNAc-6P) by the 
NanA, NanE and NanK proteins (Plumbridge & Vimr, 1999; Vimr & Troy, 1985). Further 
GlcNAc-6P catabolism by NagA and NagB are leading to fructose-6P that can enter the 
general cell metabolism. All these proteins belong to one operon whereas NanC is part of a 
separated 3 genes operon (nanc-yjhT-yjhS).  
 
As for KdgM and KdgN, the regulation of NanC is complex and its promoter is forming one 
of the longest non coding zones (1.4 kb) of the E. coli genome (Fig I.3). The nanc operon is 
regulated by NanR, a DNA binding transcriptional regulator also involved in the regulation of 
sialic acid metabolism (operon nana-nant-nane-nank) (Kalivoda et al, 2003) and by NagC, a 
protein involved in the expression regulation of enzymes of the N-acetylglucosamine 
catabolism pathway, including NagA and NagB (Condemine et al, 2005). When Neu5Ac is 
present, it binds to NanR and thereby allows derepression of the NanC operon. The same 
mechanism occurs when GlcNAc-6P, the Neu5Ac degradation product, binds to NagC. NanC 
is co-regulated with the FimB recombinase, a protein involved in the off-to-on switching of 
type 1 fimbriation in E. coli (Sohanpal et al, 2004). However, expressions of FimB and NanC 
are regulated in opposite ways. While the expression of NanC is activated by the presence of 
Neu5Ac and GlcNAc-6P in the cell, the expression of FimB is repressed.  
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Figure I.3: NanC gene organisation and regulation. 
The genes belonging to the NanC operon are colored in yellow. When NanR or NagC is bound, the expression of 
the NanC operon is repressed whereas fimB transcription is activated. When Neu5Ac or its degradation product 
GlcNAc-6P is present, the NanC operon is activated whereas the fimB expression is repressed. 
 
 
The two additional genes composing the nanc operon are involved in sialic acid catabolism. 
yjhT encodes for a recently characterized periplasmic protein called NanM that has been 
shown to be a sialic acid mutarotase (Severi et al, 2008). This enzyme is able to catalyze the 
mutarotation of the Neu5Ac α-anomer (present in glycoconjugate) into the β-anomer that is 
present in solution and able to be transported by the inner-membrane sialic acid transporter 
NanT. This reaction is spontaneous in solution but occurs at a very slow rate. NanM allows a 
significant increase the reaction velocity. The protein encoded by the yjhS gene has been 
recently characterized as being a 9-O-acetyl N-acetylneuraminic acid esterase and has been 
renamed NanS (Steenbergen et al, 2009). These results suggest that the operon containing the 
nanc gene is involved in the uptake and catabolism of alternative sialic acid molecules. 
 
 
Structural data on the KdgM family  
 
Structural knowledge on members of the KdgM family is limited. From cross-linking data and 
lipid bilayer experiments on KdgM, KdgN and NanC, it was suggested that proteins of that 
family are monomeric porins such as OmpG or Tsx (Blot et al, 2002; Condemine et al, 2005; 
Condemine & Ghazi, 2007). In a study based on cystein specific labelling experiments, a 14-
stranded β-barrel topology was proposed for KdgM, similarly to OmpG (Blot et al, 2002). 
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Later, a study comparing electron microscopy projection maps of 2D-crystals of KdgM and 
KdgN from D. dadantii and NanC from E. coli with maps from other porins suggested that 
the three members of the KdgM family are presenting similar β-barrel structures with an oval 
shape in the membrane plane (Signorell et al, 2007). This was in accordance with sequence 
based transmembrane β-strands predictions. That study also gave confirmation that these 
proteins are monomeric. However, the secondary structure analysis concluded to a 12-
stranded β-barrel pore contradicting the cystein labelling experiments (Signorell et al, 2007).  
 
 
Goal and achievements of this project  
 
The KdgM family is the first described that allows the uptake of oligomers of acidic sugars. 
This ability to facilitate diffusion of rather big molecules contrasts with the short length of the 
polypeptide chain of these proteins that is suggesting a probable small pore. However, 
structural data about this family is clearly lacking. The aim of this project was to obtain 
structural data of a member of the KdgM family in order to understand the mechanisms 
essential for the substrate translocation in this new family of specific porins. To achieve this, 
the work was carried out in parallel on three homologous proteins of the family: KdgM, 
KdgN from D. dadantii and NanC from E. coli. The following research reports will describe 
in a first part, the purification, crystallization and structure determination of NanC followed 
by a second part presenting the biological implications of the NanC structure we published 
(Wirth et al, 2009) as well as further additional comments and discussions. A third part will 
shortly summarize the results obtained by Roman Lehner during his Master practical under 
my and Dr. Caroline Peneffs’ supervision and the ongoing attempts to solve the structure of 
KdgM.  
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I.1.1. Material and Methods  
 
I.1.1.1. Expression, refolding, and purification of NanC produced in inclusion bodies 
 
In order to obtain large amounts of pure NanC protein, the first production protocol took 
advantage of the previously set up methods (Condemine et al, 2005). NanC was expressed 
without secretion signal sequence leading to its accumulation in inclusion bodies. The cells 
were broken using a French press and the inclusion bodies were harvested and dissolved using 
6M urea. NanC was then slowly refolded by overnight dialysis against 10mM Tris, 0.5% SDS. 
The refolded sample was then purified using a preparative SDS-PAGE followed by a 
preparative Tris-Tricine PAGE. Finally a size exclusion chromatography was performed in 
order to remove aggregated material as well as to change the buffer to the desired detergent 
for crystallization. 
 
Later the refolding and purification protocols were modified by Dr. Caroline Peneff. Inclusion 
bodies were solubilized in 10mM Tris pH 8.0, 8M urea and refolding was performed by drop-
wise fast dilution into a 10mM Tris pH 8.0, 5% N-dodecyl-N,N-dimethylamine-N-oxide 
(LDAO) solution at room-temperature and under constant mixing An ultracentrifugation (30 
min at 200000g) was performed subsequently in order to remove protein aggregates. The 
supernatant was loaded on an anion exchange chromatography column equilibrated with 
10mM Tris pH 8.0, 0.05% LDAO and the elution was carried out using a 0 to 1M NaCl 
gradient. Fraction containing NanC were concentrated and further purified using size 
exclusion chromatography in 10mM Tris pH 8.0, 150mM NaCl, 0.14% foscholine12. Prior to 
crystallization, the salt was removed by overnight dialysis. 
 
 
I.1.1.2. Expression of NanC in the membrane, extraction and purification  
 
In order to express NanC in the membrane, primers yjh-3 5’-ggtccctagcgattattcctgc-3’ and 
yjh-4 5’-cgaccttgcgataattcacccg-3’ were used to amplify a DNA fragment extending 1 kb 
upstream and downstream of the nanC coding sequence. The amplified fragment was cloned 
into plasmid pGEM-T (Promega). A NcoI-Acc65I fragment was cut from this plasmid and 
inserted into the same sites of plasmid pKSM717 (Maneewannakul et al, 1994). The insert 
was then shortened by a NcoI-AgeI deletion to give plasmid pKSMNanC∆1. This plasmid 
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was introduced into strain BL21(DE3)omp8/pLys (F- ompT hsdSB gal dcm ∆lamB ompF::Tn5 
∆ompA ∆ompC (DE3)) (Prilipov et al, 1998). Transformants were grown in LB medium at 
30°C. When OD reached 1.0, IPTG was added at a final concentration of 1mM and cells were 
grown overnight. Bacteria were collected by centrifugation at 6000g for 10 min, resuspended 
in 10mM Tris-HCl pH 8.0, 1mM EDTA, treated with benzonase (Merck) and disrupted using 
a French press. Unbroken cells were eliminated by centrifugation at 6000g for 20 minutes and 
the membrane fraction was collected by centrifugation at 100000g for 1h.  
 
Total membrane pellets were resuspended in 50mM Tris pH 8.0. Addition of 1% lauroyl-
sarcosine and 1 min vortexing allowed specific solubilization of the inner-membrane. The 
outer-membrane was pelleted by ultracentrifugation (100000g for 1h) and the solubilized 
inner-membrane proteins discarded with the supernatant. The outer-membrane pellet was 
resuspended in 50mM Tris pH 8.0. Addition of 0.5% octylpolyoxyethylene (OPOE) allowed 
solubilization of the outer-membrane proteins. After ultracentrifugation (100000g for 30 min), 
the remaining pellet was again resuspended in 50mM Tris pH 8.0. This procedure was done 
several times while increasing slowly the OPOE concentration until all the NanC protein was 
solubilised according to SDS-PAGE.  
 
NanC was purified using anion exchange chromatography (MonoQ, GE Healthcare) in 20mM 
Tris pH 8.0, 0.6% OPOE and eluted with a 0 to 1M NaCl gradient. The fractions were 
analysed on SDS-PAGE and the ones containing NanC were collected, diluted 10 times in 
25mM acetate pH 5.0, 0.6% OPOE and then loaded on a cation exchange chromatography 
column (MonoS, GE Healthcare). Bound proteins were eluted using a 0 to 1 M NaCl gradient. 
Prior to crystallization, a size exclusion chromatography (Superdex 200, GE Healthcare) was 
performed, allowing to estimate the monodispersity and to exchange the buffer and detergent. 
 
 
I.1.1.3. NanC crystallization 
 
All crystallization screens were done at room temperature using the sitting drop vapour 
diffusion method. Initial screens were done using the sparse-matrix sampling approach  
(Jancarik & Kim, 1991) with commercial screens. The typical reservoir volume was 80µl and 
drops were prepared mixing 0.5µl reservoir solution with 0.5µl of protein solution at various 
protein concentrations and in different detergents. Several crystallization conditions yielding 
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crystalline objects were identified. The best were optimised in 24-well plates with a reservoir 
volume of 500µl and drops made by mixing 0.5µl protein solution with 0.5µl reservoir 
solutions.  
 
For heavy atom derivatization, both soaking and co-crystallization methods were tested. For 
each heavy atom used (Pt, Hg, Au, Sm, Eu), several compounds having various reactivities, 
were tested. In the co-crystallization experiments, the protein was mixed with the heavy atom 
solution (ranging from 1 to 10mM) several hours before the set up of the drops whereas in the 
soaking experiments, in solutions containing 0.1mM to 10mM heavy atoms for various times 
(10 min to 24h) were used. 
 
 
I.1.1.4. Data collection 
 
Prior data collection, crystals were quickly soaked into stabilizing solution containing 
cryoprotectant (15-20% glycerol or 15-20% ethylene glycol) when necessary, mounted in 
cryoloops and flash-frozen in liquid nitrogen. X-ray diffraction data collection was performed 
at 100K on beamline X06SA at the Swiss Light Source (SLS, Villigen, Switzerland) using a 
MARCCD for the native crystals and a PILATUS 6M detector for the heavy atoms derivitized 
crystals.  
  
 
I.1.1.5. Structure solution 
 
The diffraction data were processed using MOSFLM (Leslie & Powell, 2007) or XDS 
(Kabsch, 1993) and scaled with SCALA (Evans, 2006). Heavy atom sites were found using 
SHELXD (Schneider & Sheldrick, 2002) and refined with SHARP (Bricogne et al, 2003). 
Initial phases were calculated using SHARP. Solvent flattening was performed using the 
program SOLOMON (Abrahams & Leslie, 1996). To increase the phase quality, multi-crystal 
density averaging was applied using DMmulti (Cowtan & Main, 1993). The model was built 
using COOT (Emsley & Cowtan, 2004) and REFMAC (Winn et al, 2003) in interactive 
refinement. The model quality was assessed using MOLPROBITY (Davis et al, 2007). 
Crystal contact analysis was realized using the PISA server of the EBI (Krissinel & Henrick, 
2007). Models were visualized and figures were done using Pymol (www.pymol.org). 
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I.1.2. Results and Discussion  
 
NanC was expressed and purified in two ways. The first took advantage of the existing nanc 
construct that had been cloned by Dr. Guy Condemine without signal peptide resulting in 
NanC expression in inclusion bodies. Two different refolding methods (using SDS or LDAO 
as detergent) and purification protocols (preparative SDS PAGE or ion exchange 
chromatography) were used. In a second approach, NanC was expressed with its signal 
peptide resulting in a mature protein secreted to the outer-membrane. This protein was 
purified directly from the membrane using ion exchange chromatography methods. 
 
 
I.1.2.1. Purification, crystallization and diffraction data analysis of NanC refolded from 
inclusion bodies in SDS. 
 
NanC production from inclusion bodies was based on a protocol set up initially for its 
characterization (Condemine et al, 2005). It allowed producing large amounts of pure NanC 
protein. However, the several steps of purification (refolding using SDS as a detergent, 
preparative SDS-PAGE) were considered being too harsh compared to conventional 
purification methods. In the final gel filtration chromatography step, the detergent was 
exchanged and the monodispercity of the NanC peak was checked. Several detergents were 
tested such as octylglucoside (OG), N-dodecyl-N,N-dimethylamine-N-oxide (LDAO), 
octyltetraoxyethylene, octylpentaoxyethylene, foscholine 12 (Fos12) and foscholine 8. 
Samples with OG, LDAO and Fos12 were leading to monodisperse gel filtration peaks (data 
not shown). The corresponding size was confirming that NanC is in a monomeric state.  
 
Several crystallization screens were done using KdgM in these three detergents and crystals 
could rapidly been obtained from a 0.14% Fos12 sample and at a protein concentration of 20-
22mg/ml. Well shaped crystals could be obtained in a condition containing 0.1M MES pH 6.5 
(or HEPES pH 7.5) and 40-45% PEG 400. During the crystallization optimization process, 
two different crystal morphologies were observed. The first crystals were very long rods of 
sometimes more than 100×100×800µm whereas the second crystals were fine rhombohedric 
plates of about 10×200×300µm (Fig. I.1.1). 
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The rod type crystals were easy to handle whereas the plate type crystals were very fragile 
and often breaking during fishing with the cryoloop. However, several datasets could be 
recorder from both crystal types. Typical diffraction images are shown in Fig. I.1.2. The best 
observed resolution was to about 3.4 Å but, unfortunately, the diffraction was strongly 
anisotropic (Fig. I.1.2).  
 
 
Figure I.1.1: NanC crystals have two different shapes.  
(left) Rod shaped NanC crystals and (right) rhombohedral plates of NanC. 
 
Figure I.1.2: Diffraction pattern from two types of NanC crystals. 
Diffraction pattern of (a) the rod and (b) the rhombohedral crystal type showing the anisotropy in both cases (red 
oval) and the resolution limit (arrow).  
 
 
3.4 Å 3.6 Å 
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The processing of the diffraction data was done using MOSFLM (Leslie & Powell, 2007) and 
XDS (Kabsch, 1993). In the case of the rod shaped crystals, the indexing led to an 
unambiguous trigonal or hexagonal space group solution. Self rotation function showed a 
clear peak at κ=60° as well as at κ=180° suggesting respectively a 6-fold axis and 2-fold axes. 
From the systematic extinctions (reflection condition for 00l : l=3n) a 62 or 64 screw axis was 
concluded. This would suggest that the space group of the rod shaped crystals is P6222 or 
P6422 with huge cell dimensions. For the plate shaped crystals, the indexing was easier as the 
C2 space group was the only suggested with a low penalty.  
 
Table I.1.3: Crystallographic data of the NanC crystals obtained from protein refolded 
in SDS 
 Rod shaped crystals Plate shaped crystals 
Space group P6422 / P6222 C2 
Cell parameters (Å) a = b = 278, c = 129 a = 247, b = 71, c = 199, β = 126 
Resolution (Å) 100 – 8.0 (8.43-8.0) 75 - 6.0 (6.33 - 6.0) 75 – 7.0 (7.38 – 7.0) 
Rmerge 12.1 (48.3) 10.2 (25.2) 8.9 (27.3) 
I/σ(I) 10.0 (3.6) 10.7 (3.1) 12.8 (3.7) 
Completeness 99.4 (99.8) 90.4 (64.4) 95.9 (98.2) 
 
Values in brackets are for the high resolution shell of the data. 
 
For both crystal types, data reduction with SCALA (Evans, 2006) led to reasonable overall 
statistics when the resolution was lowered in order to keep the Rmerge values in the higher 
resolution shells acceptable (table I.1.3).  
The precise number of molecules per asymmetric unit could not be clearly estimated using 
Matthews coefficient calculation (Matthews, 1968). The hexagonal crystals probably contains 
between 9 and 15 molecules par asymmetric unit (Vm between 2.00 Å3/Da and 3.33 Å3/Da) 
as well as the C2 crystals (Vm comprised between 1.96 Å3/Da and 3.27 Å3/Da for 15 and 9 
monomers respectively). The data collected from rhombohedral plates were used in molecular 
replacement trials using several available models. As it was unclear if NanC had a 12 or 14 
stranded barrel, models having both numbers of strands were used. OmpG (Subbarao & van 
den Berg, 2006; Yildiz et al, 2006), Tsx (Ye & van den Berg, 2004), NalP (Oomen et al, 
2004), FadL (van den Berg et al, 2004) structures (respective PDB codes: 2IWV, 1TLY, 
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1UYN and 1T1L) were used as a search model. All side chains were removed except Cβ 
atoms in order to obtain poly-alanine models. The loops and turns were also removed in order 
to keep only the β-barrel scaffold for the molecular replacement models. Molecular 
replacement was tried using different programs but none could find a solution. This is most 
likely due to the low resolution and the severe anisotropy of the collected data or because the 
search models were too different from the NanC structure. 
 
The tendency of NanC refolded in SDS to form low resolution diffracting crystals could 
eventually be explained by several problems in the protein production and purification. The 
crystals were diffracting with strong anisotropy which could be due to the intrinsic structure 
of the membrane protein that has hydrophilic areas (capable of strong and specific crystal 
contacts) along the pore axis direction and has hydrophobic areas (forming strong but 
unspecific crystal contacts) along the two other axes. Refolded NanC could also be badly 
folded when using SDS as a detergent. It might therefore be necessary to add a purification 
step in order to discriminate properly from badly refolded NanC. This can be achieved by 
comparing chromatograms of refolded and membrane purified NanC. The SDS might also 
interfere with a normal protein crystallization process as it is strongly negatively charged and 
is likely to be carried over the different purification steps as it could bind to the numerous 
positive residues present in NanC. If a SDS molecule is binding by its charged moiety to the 
charged residues of the protein, the hydrophobic tails of SDS could impair the formation of 
tight crystal contacts. To avoid these potential problems the expression and purification 
protocols were modified. 
 
 
I.1.2.2. Expression, solubilisation and purification of the membrane targeted and LDAO 
refolded NanC 
 
Expression was done using full length protein including the signal peptide to address NanC to 
the membrane and was yielding about 0.5 mg of pure protein per litre of culture. The use of 
BL21(DE3)omp8/pLys strains (Prilipov et al, 1998) as an expression system considerably 
diminished the number of contaminants, as the major porins are not expressed in this E. coli 
strain. 
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The membrane solubilisation protocol was designed such as to optimize the specific 
extraction of NanC and thereby avoid many contaminants. In a first step, N-lauroyl sarcosine 
was added. In these conditions, the detergent is unable to insert into the outer-membrane due 
to the presence of LPS whereas it can solubilise the inner-membrane and therefore 
specifically extract the inner-membrane proteins that will be removed from the sample by an 
ultracentrifugation step. The subsequent stepwise extraction of the outer-membrane proteins 
using OPOE allowed the fractionation of membrane proteins in function of their anchoring 
strength into the membrane. The first OPOE extraction removed loosely inserted proteins. 
NanC was mainly extracted in the 1, 2 and 3% OPOE steps and has already a high purity level 
as controlled on an SDS-PAGE (Fig. I.1.4) as the absence of major porins avoids the presence 
of these contaminants. 
  
 
Figure I.1.4: SDS-PAGE of the NanC extracted samples. 
MW stands for molecular weight marker in kDa, LS is corresponding to the 1% N-lauroyl sarcosine fraction, 0.5, 
1, 2, 3 and 4 refer to the concentration of OPOE of the marked fractions. 
 
 
Nevertheless, further purification was required to obtain a high amount of crystallization 
grade protein. NanC was expressed without affinity tag and therefore the purification was 
realized using ion exchange chromatography. The extracted samples were diluted to obtain a 
protein sample at about 20 mM Tris pH 8.0 and 0.8% OPOE and loaded on an anion exchange 
chromatography column. The elution with a 0 to 1M NaCl gradient led to several peaks. 
NanC eluted at a salt concentration of about 350-400 mM NaCl, together with a contaminant 
having a very similar molecular weight whereas some other unidentified contaminants were 
eluting at lower NaCl concentration (Fig. I.1.5).  
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Figure I.1.5: Anion exchange chromatogram and corresponding SDS-PAGE. 
Anion exchange chromatography using NanC extracted from the membrane. The blue trace represents the UV-
absorption in mAU, the green curve is the NaCl gradient and the brown curve corresponds to the measured 
conductivity. Red bars represent contaminants and the yellow bar represents NanC containing protein fractions. 
 
 
After analysis on SDS-PAGE, NanC containing fractions were pooled, diluted in 25mM 
acetate pH 5.5 and 0.6% OPOE, and subjected to cation exchange chromatography. Here 
NanC eluted at about 150 mM NaCl whereas the main other contaminant, that had a similar 
size than NanC, binds stronger to the columns and is eluted only later, at about 250mM NaCl 
(Fig. I.1.6).  
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Figure I.1.6: Cation exchange chromatogram and corresponding SDS-PAGE. 
Cation exchange chromatography of NanC containing samples allowing separation of the main contaminant. The 
blue trace represents the UV-absorption in mAU, the green is the NaCl gradient and the brown is the measured 
conductivity. Red bars represent contaminants and the yellow bar represents NanC containing protein fractions. 
 
 
After these ion exchange chromatography steps, NanC is pure enough to allow crystallization 
experiments. However, to obtain monodispersity information of the sample and to exchange 
the detergent to the desired one used for crystallization, the fractions containing NanC were 
concentrated and submitted to size exclusion chromatography (Fig. I.1.7). In LDAO, NanC 
eluted as a monodisperse peak at a mass corresponding to about 60 kDa according to the 
retention time on the size exclusion chromatography. This is consistent with the molecular 
weight of NanC added to the mass of a detergent micelle.  
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Figure I.1.7 Size exclusion chromatogram of NanC and corresponding SDS-PAGE. 
Chromatogram realised in 0.05% LDAO as detergent. The blue trace corresponds to UV-absorption. Red bars 
represent contaminants and the yellow bar represents NanC containing protein fractions. 
 
 
In parallel, refolding of NanC from inclusion bodies was realized using LDAO by Dr. 
Caroline Peneff as described in the material and method part. One challenge when working 
with refolded protein is to be able to discriminate between well and badly refolded protein in 
order to use, for subsequent crystallization, only protein in its native fold. Knowing the 
elution profile of the membrane extracted NanC on an anion exchange chromatography 
column, we decided to use this method in order to remove badly refolded protein. Except not 
well refolded NanC, no significant other contaminant was present and therefore, no further 
purification was required. However, a gel filtration chromatography was also done in order to 
exchange the detergent and to estimate the monodispercity of the NanC sample. Although the 
initial amount of protein was higher than for the membrane extracted NanC, the final yield 
was smaller in this case as a lot of protein was not refolded properly. 
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In both, inclusion body refolded and membrane expressed, cases the protein eluted during gel 
filtration was analysed using protein identification mass spectrometry in order to control that 
it was NanC (realized by Dr. Paul Jenö, Biozentrum, Basel). 
 
Prior crystallization, NanC was concentrated using Amicon filtering devices. Interestingly the 
membrane purified NanC could be concentrated in a 50kD cut-off Amicon whereas the 
refolded NanC, when in the same detergent, was found in the flow through when using this 
type of material. This is suggesting that the refolded NanC has a smaller molecular weight 
than NanC purified from the membrane and thereby that the latter one might be associated to 
LPS molecules. This was assessed using a silver stained SDS-PAGE revealing that the 
membrane purified NanC sample is containing an additional, low-molecular weight, band 
whereas the refolded sample does not (Fig. I.1.8). This additional band can’t be protein as it 
was not stained on the Coomasie gels. However, it could correspond to LPS that can be 
stained on silver gels. Although this is specific to LPS, further assessing using for instance 
mass spectrometry is required. 
 
 
 
 
Figure I.1.8: Silver stained gels of NanC samples purified from the membrane and 
refolded from inclusion bodies. 
The presence of LPS is confirmed in the membrane purified sample. MW stands for molecular weigh marker (in 
kDa), IB for inclusion bodies refolded NanC sample and MB for the membrane purified NanC protein.  
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I.1.2.3. Crystallization 
 
Membrane extracted NanC 
Initial crystallization trials were realized using the sparce matrix method (Jancarik & Kim, 1991). 
As the protein concentration and the detergent were considered as being critical parameters 
for crystallization, several protein concentrations as well as detergents were tried out during 
this initial screening. A first set of screens was done at 5 mg/ml protein concentration. These 
were leading to some needle shaped crystals in a few conditions when using LDAO as a 
detergent. These crystals were not looking suitable to be tested in diffraction experiments as 
they were clustered and very fine. Seeing that LDAO was yielding crystals it was decided to 
continue using this detergent. Further screens were realized using a 10 mg/ml protein 
concentration in 10 mM Tris pH 8.0, 150 mM NaCl and 0.05 % LDAO. This gave crystals in 
several conditions from the Classic Lite screen (Qiagen). The most promising was forming 
little hexagonal columns in 100 mM acetate pH 4.6, 10 % isopropanol and 200 mM CaCl2 
(Fig. I.1.9) These crystals were easily reproducible and improved in conditions with 
precipitant concentrations ranging from 100 to 200 mM CaCl2 and 3 to 10 % isopropanol; 
also the crystal shape was often different. In many cases, the crystals grown in this condition 
were shaped as half-disks (Fig. I.1.9). These crystals had a typical size of about 50 × 50 × 50 
µm and were easily reproducible from one purification batch to the next.   
 
 
 
Figure I.1.9: Pictures of NanC crystals. 
(left) Crystals obtained when refolding NanC in LDAO reaching a typical size of 50 × 50 × 50 µm. (middle and 
right) Crystals produced with NanC purified from the membrane. The hexagonal crystals (middle) have a size of 
about 50 × 50 × 50 µm and the half-disks (right) have a diameter of about 100 µm and a thickness of 30 µm. 
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Inclusion bodies refolded NanC 
For the refolded NanC, crystals were obtained using protein at a concentration of 15 mg/ml in 
10 mM Tris pH 8.0, 0.14 % Fos12. Here no screening was required because the protein was 
crystallizing in similar conditions than NanC refolded using SDS (see paragraph: I.1.2.1). 
However, the reservoir solution allowing these crystals to grow was slightly different with a 
higher PEG400 concentration (100 mM Hepes pH 7.5, 52% PEG 400). These crystals had a 
diamond shape and had an approximate size of about 50×50×50 µm (Fig. I.1.9) and were very 
difficult to reproduce, as they could only been grown when using one given batch of refolded 
protein. When decreasing the PEG400 concentration, with the inclusion bodies refolded NanC, 
it was also possible to obtain the same, rod or plate shaped crystal form than previously 
observed with protein refolded in SDS (Fig. I.1.1).  
 
Interestingly, it was impossible to obtain crystals with the membrane extracted protein using 
the condition leading to the crystals obtained from refolded NanC. Identically, refolded NanC 
did not yield any crystals when put in conditions were membrane extracted NanC did. This 
indicates that the two samples were not exactly identical, although the chromatograms seemed 
similar. Maybe the presence of LPS in the membrane extracted sample played an important 
role to form the hexagon shaped crystals observed with that protein.  
 
 
I.1.2.4. Diffraction data collection on native protein crystals and processing 
 
Prior freezing in liquid nitrogen, the crystals grown using membrane extracted NanC were 
quickly soaked in 15 to 20 % ethylene glycol or glycerol solutions, whereas the crystals 
grown from inclusion bodies don’t need any additional cryoprotection as their condition was 
containing sufficient PEG400 concentration.  
 
X-ray diffraction experiments were done at the SLS. The resolutions of the membrane 
purified NanC crystals and the inclusion bodies refolded NanC were going up to 2.0 Å and 
1.8 Å respectively. Both crystal forms were presenting an isotropic diffraction pattern with 
well defined spots.  
 
Data sets were collected using 1s exposure and 1° per image. The crystals did not suffer from 
radiation damage allowing complete data sets to be collected. Diffraction images were 
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indexed using MOSFLM (Leslie & Powell, 2007) and scaled with SCALA (Evans, 2006). 
The good data quality allowed fast processing. The crystals grown from refolded NanC are 
H3 whereas the ones grown from the membrane purified protein belong to space group P6322. 
The data reduction statistics are satisfactory for both crystal forms and are shown in table 
I.1.10. 
 
 
I.1.2.5. Heavy atom derivatization 
 
Intensive molecular replacement trials were done using the two native data sets of NanC and 
several 12 and 14 β–stranded β-barrels such as OmpG (Subbarao & van den Berg, 2006; 
Yildiz et al, 2006), Tsx (Ye & van den Berg, 2004), NalP (Oomen et al, 2004) or FadL (van 
den Berg et al, 2004) in their full length model or in modified models in which only the β-
barrel scaffold was used. Although these models strongly differ by their number of strands 
and their shape, none of these molecular replacement trials was successful and experimental 
phasing was necessary. Heavy atom derivatization was preferred to seleno-methionine 
methods because many crystals grown with membrane extracted NanC were readily available. 
Different heavy atom types as well as different compounds for each of them were used to 
increase the chance of success. Different soaking times, ranging from 10 min to 24 h, were 
also tried out as both quick and long soaks have proven to successfully allow derivatization 
(Boggon & Shapiro, 2000; Garman & Murray, 2003; Sun & Radaev, 2002; Sun et al, 2002). 
NanC doesn’t contain cysteines, so mercury, the most popular heavy atom, could not be used 
efficiently. However, tests using ethyl-mercury were done because of its ability to bind to 
hydrophobic residues that are likely to be exposed at the surface of NanC. In the co-
crystallization trials, the presence of heavy atoms either impaired the growth of crystals or the 
anomalous signal was too low when measured at the synchrotron. Most soaking tests led to 
cracks in the crystals. When tested at the SLS, these crystals were diffracting to a much lower 
resolution than the native ones and were also strongly suffering from radiation damage. 
However, two useful data sets showing clear incorporation of heavy atoms in the crystals 
according to the x-ray absorption scan, could be collected. They were recorded from two 
crystals soaked in stabilizing solution containing 20% ethylene glycol as cryoprotectant and 
1mM K2PtCl4 and 10mM SmCl3 during 22h and 10 min respectively. Statistics for these data 
sets can be found in table I.1.10. 
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The K2PtCl4 and the SmCl3 derivatized crystals were used together with the high-resolution 
native data set in order to solve the phase problem. Due to low-resolution of the heavy atom 
data sets, the working resolution was at 4Å. 4 Pt and 2 Sm sites were found using SHELX. 
Initial phases could be calculated using MIRAS. After solvent flattening, the electron density 
map was clearly showing β-strands forming a barrel but neither side chains nor connections 
between the strands were visible.  
 
In absence of non-crystallographic symmetry, density modification by NCS averaging was 
impossible. A shape similarity was observed between the NanC β-barrel form observed in the 
experimental electron density obtained from the P6322 crystal form and the β-barrel domain 
of the NalP autotransporter (Oomen et al, 2004). A NalP poly-alanine β-barrel model, from 
which the loops and turns were removed, was fitted to the electron density obtained from the 
P6322 crystal form in order to get a first rough model of the NanC β-barrel. This modified 
NalP model was used as molecular replacement model in order to find the position of the 
NanC barrel in the H3 crystal form with Phaser (Z-score of 6.02 and log-likelihood gain of 
257). Knowing the position of the NanC molecules in the H3 crystal form enabled the usage 
of multi-crystal electron density averaging in order to increase the quality of the electron 
density map. The multi-crystal averaging procedure was carried out using program DMMulti 
(Cowtan & Main, 1993) and experimental phase information for the P6322 crystal form as 
well as calculated phase information from the H3 crystal form. The phases were extended 
from 4.0 Å resolution to 3.2 Å in 250 averaging cycles. The multi-crystal averaging allowed a 
remarkable increase of the electron density map quality (Fig. I.1.11). After the averaging, side 
chains were identifiable leading to an unambiguously assignment of the sequence in the 
electron density. 
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Figure I.1.11: Electron density maps of the hexagonal crystal form at several phasing 
steps showing the increasing quality of the map.  
Electron density map represented at 1.5 σ after (A) the MIRAS phasing and solvent flattening (4.0 Å resolution), 
(B) the multi-crystal electron density averaging (3.8 Å resolution) and (C) the final refinement step (2.0 Å 
resolution). The structure model depicted is the final model.  
 
 
The NanC model was then built in both electron density maps using COOT (Emsley & 
Cowtan, 2004) and REFMAC (Murshudov et al, 1997). The final R and Rfree values are 
respectively 19.5 and 23.0 for the H3 crystals and 19.2 and 21.4 for the P6322 crystals (Fig. 
I.2.10). Finally the quality of both NanC models were checked using MOLPROBITY (Davis 
et al, 2007) and deposited in the PDB with entries 2WJQ and 2WJR for the hexagonal and 
rhombohedric crystal forms respectively. 2WJQ showed 97% and 0.5% of the residues in the 
most favourable and outlier regions of the Ramachandran plot. No residues were showing bad 
rotamers. For 2WJR, 97% and 0.5% of the residues are in the most favourable and outlier 
regions of the Ramachandran plot, but only 1 residue (0.6%) has a bad rotamer. 
 
NanC is folded as a hollow β-barrel composed of 12 anti-parallel strands. Long loops are 
connecting the β-strands on the extracellular side whereas short turns link them on the 
periplasmic side. NanC has an approximate height of 28 Å and its cross section is ellipsoidal 
(20 × 26 Å). The structure and its biological implications will be further discussed in section 
I.2, and in Wirth et al, 2009, also attached to this thesis. 
 
 
A B C 
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I.1.2.6. Crystal contact analysis 
 
The crystal contacts in the H3 and the P6322 crystal forms have been analysed using the PISA 
web served of the EBI (Krissinel & Henrick, 2007). 
 
H3 crystal form 
In the H3 crystals, there is one NanC molecule in the asymmetric unit. Its crystal contacts are 
listed in table I.1.12. Along the c axis, NanC molecules are interacting head to tail, the 
extracellular loops of one molecule being in contact with the periplasmic turns of the other 
(Fig. I.1.13). The extracellular loop in this contact is almost entering the pore of the neighbour 
protein forming a large and tight contact surface (Table I.1.12., interface 1). The repetition of 
this contact along the c-axis creates continuous column-like arrangements of NanC monomers. 
Another, smaller interface (interface 3) allows contact between one NanC molecule and 
another one located in the next row of the neighbouring column-like arrangement of NanC 
monomers (Fig. I.1.13). In the a-b-plane, NanC molecules are forming very loose trimeric 
arrangements located on the crystallographic 3-fold axis and interacting via the base of the β-
barrel in a V shape manner (Fig. I.1.13). This interface (Table I.1.12., interface 2) is almost 
exclusively composed of hydrophobic residues and no hydrogen bound or salt bridges could 
be detected. 
 
Interface Residues Symmetry operations Symmetry related 
residues 
Interface area 
(Å²) 
1 
K111*, R114*, Q115, 
Q116***, D117, L118*, 
S119*, G120*, D121, 
M122, D125, K153, 
D156, Y157, Rs158, 
H162, K163, K164, 
D200 
-y-1/3, x-y-2/3, z+1/3 
A2, S23, E24s, G25*, 
W26*, Q27*, G29, 
W30*, W31, A62, K64, 
D66, D67*, T70, R72*, 
D95, H137, K214*, 
A215 
652.7 
2 
W94, A96, T97, L100, 
F102, V134, Y136, 
I138, W146,  
-y-1, x-y-1, z I63, L65, D66, W69, V71, L92, W94, W130 315,3 
3 R192, R199
s
**, N201*, 
L202 -x+y-1/3, -x-2/3, z+1/3 
S140, D141s, Y175, 
H176*, M177*, T178*, 
P179 
168.5 
Table I.1.12: List of residues involved in the H3 crystal interfaces. 
s: residues involved in a salt bridge. *, ** and ***: residues forming hydrogen bounds with 
one, two and three residues respectively.  
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Figure I.1.13: H3 crystal packing 
Interface numbers are referring to table I.2.12. (A) Packing in the a-b-plan showing very loose trimers (i.e. 
monomers A, B and C) along the 3-fold axis. In this plan the contacts are mediated only by the hydrophobic 
interface. (B) Close up view of the hydrophobic interaction zone within the loose NanC trimer (bottom). In this 
representation, the opened trimer is also visible. (C) Crystal contacts along the c axis presenting the two 
additional interfaces and in particular the large interface (number 1) showing the loop of one monomer almost 
entering the pore of the other monomer.  
 
P6322 crystal form 
The crystal contact areas of the P6322 crystal form are listed in Table I.1.14. This crystal form 
contains one monomer per asymmetric unit. The first striking feature of the packing is that 
NanC forms a tight trimeric arrangement located along the 3-fold symmetry axis generated in 
that hexagonal space group. This trimer, having no detergent molecules between the 
monomers, resembles to what could be expected if NanC would be a trimeric porin (Fig. 
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I.1.15). Within the trimer, the crystal contacts are mostly mediated by hydrophobic residues 
(Table I.1.14, interface 1) but hydrogen bounds are also present in order to allow that 
assembly.  
 
In the a-b-plan, NanC trimers are forming 32-symmetry related arrangements resembling a 
honeycomb with trimers oriented in opposite directions (Fig. I.1.15). The crystal contacts 
between the trimers within the 6-fold related assemblies are mediated by two small interfaces 
(4 and 5 in Table I.1.14 and Fig. I.1.15) located on the 2-fold axis. Interestingly, such 
honeycomb like assembly is also present in several crystal structures of OmpF, the general 
porin of E. coli (see also Chapter II). Along the c axis, each NanC trimers is forming a tight 
head-to-head contact with another trimer (Fig. I.1.15). Each monomer of NanC forms a 
contact via its periplasmic loops with the loops of another one located on the top of it. This 
crystal contact (interface 2 in table I.1.14) involves several residues from different loops 
around the barrel. Each monomer also forms contacts with another monomer form the trimer 
on the top of it (interface 2 in Fig. I.1.15). All together, NanC forms tight contacts with its 
neighbours within the trimer and with another trimer forming hexameric assemblies (Fig. 
I.1.15). 
 
Interface Residues Symmetry 
operation Symmetry related molecules 
Interface 
area (Å²) 
1 
A1, V22, E24, W26*, N28, 
W30, W31, A32, M34, V55, 
V57, V59, T77, F79, S80, 
S81***, N82, G83, T84, 
Y86*, L215 
-y, x-y-1, z 
N28*, W30, Y61, I63, K64, 
L65, V71, P73, G74, M75, 
Y86*, P88, Y89, V90, Y108, 
W110, A112, R114*, R124** 
640.2 
2 
S81, N82, Q116, S119, 
G120, H162, N197, G198*, 
R199, D200*, N201 
-y, -x, -z+1/2 
S81, N82, Q116, S119, 
G120, H162, N197, G198*, 
R199, D200*, N201 
303.3 
3 
R114*, Q116, D117, G120*, 
D121*, M122*, S123*, R124, 
N155  
-x+y+1, y, -z+1/2 
R114*, Q116, D117, G120*, 
D121*, M122*, S123*, 
R124, N155  
233.0 
4 Y16, Y175, M177, T178 -x, -x+y, -z+1 Y16, Y175, M177, T178 103.3 
5 W94, T97, W146, L150, T165 x-y, -y, -z+1 
W94, T97, W146, L150, 
T165 85.8 
 
Table I.1.14: List of residues involved in the P6322 crystal contacts. 
*, ** and *** is for residues forming one, two and three hydrogen bounds respectively.  
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The interface allowing the trimer formation is large (640 Å²) and is detected by PISA as being 
a potential biologically relevant protein-protein contact. However, numerous data, such as 
electrophysiology and cross-linking (Blot et al, 2002) as well as electron microscopy 
(Signorell et al, 2007) have shown that NanC is monomeric. The trimer is not observed in the 
H3 crystals but the gel filtration elution profile of both membrane extracted and inclusion 
bodies refolded proteins are similar. Therefore we can conclude that the trimer observed in the 
P6322 is not biologically relevant although it could be a reminiscence of a trimeric ancestor of 
NanC in a similar way than found in the general (or specific) classical trimeric porins such as 
OmpF, OmpC, or LamB (Basle et al, 2006; Cowan et al, 1992; Schirmer et al, 1995)  
 
 
Figure I.1.15: crystal packing in P6322 
(A) Representation in the a-b-plan. NanC molecules are forming loose trimers related by the 3-fold axis 
generated in the P6322 space group. These loose trimers are forming hexameric structures of trimers around the 
6-fold axis of the space group. Interface numbers are referring to the number in Table I.1.14. (B) Crystal packing 
along the c-axis. The NanC loose trimers are interacting to form hexameric assemblies. (C) Close-up 
representation of the interactions along the c axis. Each monomer of NanC is interacting with two monomers of 
the neighbour trimer. Interface numbers are referring to the numbers in table I.1.14. 
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I.1.3. Conclusions 
 
This chapter presented the purification of NanC protein expressed in inclusion bodies and in 
membrane using ion exchange chromatography. These protocols allowed obtaining high 
amounts of pure protein and subsequent crystallization of NanC. Two crystallization 
conditions, leading to well diffracting crystals, could be obtained when using NanC purified 
from the membrane or from inclusion bodies after refolding using LDAO. X-ray diffraction 
data were collected at the SLS using crystals obtained from both conditions leading to native 
data sets at 1.8 and 2 Å for crystals obtained from refolded and membrane purified proteins 
respectively. Using the numerous crystals available heavy atom derivatization was undertaken 
and anomalous data sets could be measured using platinum and samarium. Initial phases were 
calculated using the MIRAS method and the two derivatives and the native data sets. The 
electron density quality has been strongly improved thanks to multi-crystal density averaging 
allowing to solve the structure of NanC and to give the first high resolution structural 
information about a member of the KdgM porin family. The crystals obtained here are formed 
by two very different packing but in both cases the extracellular loops of the porin are playing 
a critical role for the formation of tight contacts. In the P6322 crystal form, a symmetry related 
trimer can be observed but all other data, as well as the second crystal packing confirms that 
NanC is a monomeric protein in vivo. The structure and its biological relevance are discussed 
in section I.2. and in Wirth et al. 2009. 
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Chapter I.2 
 
 
 
 
 
 
 
I.2.1. Research article:  
 
 
NanC crystal structure, a Model for outer-membrane 
channels of the acidic sugar-specific KdgM porin family 
 
 
 
 
 
 
Christophe Wirth, Guy Condemine, Céline Boiteux, Simon Bernèche, Tilman 
Schirmer and Caroline M. Peneff.  
 
 
 
 
 
 
 
 
 
 
Note:  
 
Christophe Wirth purified the protein from the membrane, obtained the hexagonal crystal 
form, processed the diffraction data, built and refined the NanC structures. Caroline Peneff 
designed the inclusion body purification protocol, obtained the rhombohedral crystal form and 
phased the crystallographic data. Guy Condemine made the molecular biology work and 
expressed the protein. Céline Boiteux and Simon Bernèche made the ligand binding 
modelling. Tilman Schirmer helped for phase improvement by multi-crystal averaging and for 
funding. The paper was mostly written by Caroline Peneff, with help from Christophe Wirth 
and Tilman Schirmer. The figures were realized by mostly Christophe Wirth with help of 
Caroline Peneff. 
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I.2.2. Further discussions, conclusions and perspectives  
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I.2.2.1. Recent characterisation of NanM and NanS 
 
Bacteria genomes are generally clustered in co-transcribed operons in which all genes are 
belonging to the same pathway. In E. coli, the nanC gene belongs to an operon composed of 
two additional genes called nanM (or YjhT) and nanS (or YjhS) coding for two proteins 
involved in the sialic acid catabolism. NanM has been recently characterized as being a 
periplasmic sialic acid mutarotase (Severi et al, 2008). This protein is yet the only one known 
to have this function in bacteria. E. coli colonises mucosal surfaces in which sialic acid is 
mostly present in glycoconjugate under α-anomeric form. When cleaved away from these 
glycoconjugates by host sialidases or other sialidase competent bacteria (E. coli K12 is unable 
to cleave sialic acid away from glycoconjugates), sialic acid α-anomers are spontaneously, 
but very slowly, converted in β-anomers. NanM is folding in a 6-bladed unclosed β-propeller, 
catalyzing this otherwise very slow mutarotation reaction and considerably accelerating it. As 
NanT, the inner-mebrane transporter responsible for the sialic acid entrance in the cytoplasm, 
is specifically translocating the β-anomer, the presence of NanM gives E. coli an advantage in 
comparison to other bacteria for the acquisition of sialic acid (Severi et al, 2008), a good 
carbon and nitrogen source in the colonized host. Another advantage for E. coli could be the 
rapid depletion of the sialic acid released by host sialidases in the extracellular environment 
during the course of inflammation, slowing the host immune response down (Severi et al, 
2008; Sohanpal et al, 2004).  
 
NanS, the third gene in the nanCMS operon, has been recently identified as being a potential 
9-O-acetyl N-acetylneuraminic acid (Neu5,9Ac2) esterase (Steenbergen et al, 2009). NanS 
allows the growth of E. coli on minimal medium containing Neu5,9Ac2 as sole carbon source. 
This enzyme would allow the catalysis of the Neu5,9Ac2 into Neu5Ac that can be further 
acquired and processed by the bacteria as carbon and nitrogen source. “Sialic acids” is a 
general term for a family of nine-carbon sugar acids. Neu5Ac is the most frequently found 
and the most important in metazoans. However, several other sialic acids are present in 
animals including Neu5,9Ac2 which is the second most abundant (Steenbergen et al, 2009). 
The acquisition of alternative sialic acid molecules could give E. coli a substantial advantage 
in colonising the host intestine compared to other bacteria reflecting its success in colonizing 
the lowest intestine.  
 
 62 
It was shown that neither NanC nor NanM or NanS are essential to allow the growth of E. coli 
on Neu5Ac clearly indicating that these proteins are not directly involved in Neu5Ac 
acquisition (Condemine et al, 2005; Severi et al, 2008; Steenbergen et al, 2009). However, 
their regulation clearly suggests an implication in, probably alternative, sialic acid metabolism. 
Data obtained on NanM and NanS suggest that the proteins belonging to this operon could be 
involved in the processing of sialic acid molecules others than Neu5Ac, the most common one. 
On the basis of structural data and comparison with its homologues, we proposed that NanC is 
implied in the acquisition of sialic acid oligomers. Combined with the mutarotase activity of 
NanM, this proposal would imply the existence of a, yet unknown, periplasmic enzyme that 
would be able to cleave oligomers of sialic acid. Although our structure of NanC supports its 
putative activity in translocating oligomeric chains of acidic sugars to the periplasm (Wirth et 
al, 2009), the recent study on NanS (Steenbergen et al, 2009) suggests that it could 
specifically translocate alternative sialic acid molecules such as Neu5,9Ac2 or directly 
released sialic acid containing glycoconjugate molecules. However, the hypothesis of 
alternative sialic acid uptake would not explain the function of NanM and why it is in this 
operon. Alternatively, the glycoconjugate uptake would require an additional, not discovered 
yet, periplasmic protein able to cleave sialic acid (or other sugars) away of these molecules.  
 
The limited biological information on NanC does not allow, yet, to determine the exact 
function of the NanCMS operon. This clearly indicates that further experimental data on 
NanC is required. Therefore, a collaboration has been started with the group of Prof. 
Eisenberg, (Chicago) in order to determine the basal electrophysiological properties of NanC 
as well as in presence of several potential substrates. However, data using Neu5,9Ac2 or 
glycoconjugates were not recorded yet.  
 
 
I.2.2.2. Two HEPES molecules are present in the rhombohedral NanC structure 
 
The rhombohedral crystals of NanC were grown in a crystallization condition containing 100 
mM HEPES as buffer. After refinement of the structure obtained using these crystals, an 
unassigned electron density was visible at the entrance and the exit of the pore. First 
resembling a sulfate ion electron density, the refinement of the fitted ion model led to 
additional electron density. Placing the sulfate moiety of the HEPES molecule into the initial 
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large electron density, a complete HEPES molecules could be fitted in these densities and 
could be refined properly when the occupancy was set to 0.7 (Fig. I.2.1).  
 
 
 
 
Figure I.2.1: HEPES molecule located at the extracellular entrance of the pore. 
Also shown are adjacent residues as well as the electron density at 1.4 σ  
 
 
The presence of two ordered HEPES molecules in the NanC pore is surprising. The binding 
determinants can be clearly identified. In both cases, the sulfate moiety of the HEPES 
molecule is bound to positively charged residues located inside the β-barrel and belonging to 
the two positively charged tracks that have been identified in the NanC structure (Fig. I.2.2). 
The hydroxyl “tail” of the HEPES molecule located at the extracellular pore entrance, is 
forming a hydrogen-bound with residue R10 of the other side of the pore. For the HEPES at 
the periplasmic side, a loose hydrogen bound between the hydroxyl of the HEPES and T135 
is possible (3.75Å). However, except the sulfate moiety, the electron density for this molecule 
is weakly defined and the HEPES molecule might only tightly bind to NanC via its sulfate. 
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Figure I.2.2:  The two HEPES molecules are bound to basic residues. 
Possible ionic or hydrogen bounds are represented in black. (Top) HEPES molecule located close to the 
extracellular exit of the pore. The sulfate moiety is interacting with R85 and K111. (Bottom) HEPES molecule 
located at the periplasmic side of NanC. The sulfate moiety is interacting with K91. In both cases additional 
hydrogen bounding is provided by water molecules.  
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I.2.2.3. Implications of HEPES bound inside the pore 
 
The HEPES molecules binding into the NanC pore are likely to have important implications 
on both biological and experimental aspects.  
 
The binding of the HEPES molecules is mostly mediated by its sulfate moiety which is 
hydrogen bounded to basic residues of the most striking feature of NanC, its two positively 
charged tracks. This, before never observed feature, is believed to be involved in the 
translocation of N-acetylneuraminic acid oligomers (oligo-Neu5Ac) by orienting and guiding 
the substrate through NanC (Wirth et al, 2009). Also the HEPES molecule is a bit similar to 
Neu5Ac (it has nearly the same size and an acidic group on one side) its binding to the pore 
raises the question of the substrate specificity of NanC. It is likely that NanC is able to attract 
and bind, not only (oligo-)Neu5Ac or sialic acid derivatives but also a vast variety of 
negatively charged molecules such as other acidic sugars or smaller negatively charged ions. 
This will have to be determines in lipid bilayer experiments in collaboration with Prof. 
Eisenberg, Chicago. 
 
A second question rising from the binding of HEPES into the NanC pore is if HEPES can be 
translocated through the channel or is it only binding to it? This question will have to be 
addressed by future experiments as it has important implications. The fact that the electron 
density for the HEPES molecules is relatively well defined is suggesting a rather tight binding 
to these two sites. This would imply that the pore might be partially blocked by these 
molecules. 
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Figure I.2.3: Surface representation of NanC with and without HEPES bound. 
(left) surface representation of NanC when the HEPES molecules has been removed. In this case the pore in 
wide open whereas when HEPES is present (represented in balls) it is partially occluded (right). 
 
The two molecules are located at both the entrance and exit of the channel but are not 
completely closing the channel. However, the radius of the pore at these positions is 
significantly diminished and therefore HEPES might act as a competitive inhibitor for 
translocation of Neu5Ac through NanC (Fig. I.2.3). HEPES was used as buffer for the 
electrophysiology experiments on NanC and the other KdgM family members (Blot et al, 
2002; Condemine et al, 2005; Condemine & Ghazi, 2007). The concentration was only 10 
mM compared to the 100 mM used for crystallization, but the presence of HEPES could have 
influenced these measurements. To investigate the HEPES effect and to eventually reproduce 
the measurements with Neu5Ac and oligo-NeuAc using another buffer, electrophysiology 
experiments are being done in collaboration with the group of Pr. Eisenberg in Chicago using 
NanC purified from the membrane in order to avoid eventual problems due to the refolding in 
SDS method (see I.1.2.1). Initial results clearly indicate that HEPES is significantly 
diminishing the channel conductance already at 5 mM (Fig. I.2.4). With 100 mM only 50-
60 % of the conductance is remaining compared to a sample without HEPES. In the future, 
other buffers will have to be used for electrophysiology experiments and their iniquity 
assessed before the experiments. 
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Figure I.3.4: Current-voltage traces of NanC inserted in artificial lipid bilayer;  
All measurements were done using 250 mM KCl. The experiments have been performed without HEPES (black 
trace) with 5 mM (red) and 100 mM (green). This figure is provided by J. Giri, Department of Bioengineering, 
University of Illinois, Chicago. 
 
 
I.2.2.4. Potential influence of salt on substrate translocation 
 
As deduced from the crystal structure of NanC and from the models of other members of the 
KdgM family, the translocation through these porins is most probably driven by the two 
conserved alignments of basic residues facing each other inside the aqueous pore. The charges 
probably play a fundamental role in long range attraction and translocation of the substrate  
similarly as in Omp32 (Zachariae et al, 2006; Zachariae et al, 2002). Therefore it is likely that 
the presence of numerous anions employed in the standard electrophysiology experiments 
(800 mM KCl) (Condemine et al, 2005) can shield partially the two positively tracks and 
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diminish the translocation efficiency. However, experimental data of trigalacturonate 
translocation could be measured for KdgM in similar salt conditions as for NanC. Therefore, 
the ligand translocation is probably not completely impaired, but may be less efficient than in 
in vivo conditions. 
 
 
I.2.2.5. NanC-ligand complexes 
 
Many attempts were made to try to obtain the crystal structure of a complex of NanC with 
Neu5Ac or oligomers of sialic acid. No binding constant could be measured for Neu5Ac in 
the NanC characterization study (Condemine et al, 2005). However, data could be obtained 
for KdgM and trigalacturonate and the KD was estimated to be about 30 mM (Blot et al, 2002) 
and it could be speculated that NanC has a similar affinity for its substrate. This low affinity 
value is necessary to allow the proper function of the specific porin. In order to efficiently 
translocate its substrate, a specific porin should not bind it too tightly as it would lead to a 
difficult release of the substrate. In the case of the E. coli maltoporin LamB, it had been 
shown that the affinity of a specific porin for its sugar substrate increases with the length of 
the sugar and the protein-substrate complex took advantage from that (Dutzler et al, 1996). 
Furthermore from the NanC structure we deduced that it may be able to translocate 
oligomeric sugar acids. Therefore, several molecules have been tested up to a high substrate 
concentration:  Neu5Ac (up to 100 mM), Neu5Ac α-2,8-linked dimer (up to 40 mM), trimer 
(up to 25 mM) and tetramer (up to 10 mM).  
 
As the rhombohedral crystals were not reproducible, soaking and co-crystallization 
experiments were tried out using the hexagonal crystal form. For co-crystallization, the ligand 
was added to the NanC protein solution 12-18 hours before the set up of the crystallization 
drops. Soaking experiments were tried out with various ligand concentrations and soaking 
times ranging from several minutes to 18 hours. However, all co-crystallization and soaking 
experiments failed as no crystals could be obtained in the co-crystallization experiments, and 
no electron density for sialic acid was visible the electron density obtained from soaked 
crystals. This can be caused by several parameters such as too low binding site affinity (as 
discussed before). Sialic acid oligomers have been shown to be unstable at acidic pH (Manzi 
et al, 1994). The hexagonal crystal form condition is at pH 4.6 and may results in spontaneous 
cleavage of the oligomers of sialic acid leading to monomeric sialic acid. This would 
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unfortunately lead to the loss of the benefit of using oligomers in order to increase the affinity 
of NanC for Neu5Ac. Taken together, these facts probably explain why the co-crystallization 
and soaking attempts failed. 
 
Additionally, the recent conclusions of the study of NanS (Steenbergen et al, 2009) imply that 
NanC may be a porin specific for modified sialic acid molecules. Therefore, intensive 
translocation data using electrophysiology lipidic bilayer experiments using Neu5,9Ac2, 
glycoconjugates and (oligo)Neu5Ac are needed before further co-crystallization or soaking 
experiments can be undertaken.  
 
 
 
I.2.2.6. Mutations proposed to probe translocation through NanC 
 
NanC and the related homologues belonging to the KdgM family have been classified as 
specific porins. This implies, that they have properties similar to enzymes and especially, the 
presence of a specific binding site allowing to filter the solutes and to limit the translocation 
to a given (class of) molecules. Once the substrate of NanC will be identified by lipidic 
bilayer experiments and as the NanC structure in complex with ligands could not been 
obtained, the mutation of specific residues impairing the translocation could give 
experimental evidences into the transport mechanism. 
 
The inside of the NanC pore is mostly formed by two consecutions of basic residues forming 
a continuous positively charged patch from the extra-cellular environment to the periplasm. 
This feature is likely to be important for substrate guidance and translocation through the pore 
and is probably conserved in NanC homologues. In order to confirm the role of these two 
lines of positive charges, mutations to neutral or even negatively charged residues could be 
done. In vivo studies, electrophysiology experiments as well as in silico modelling on these 
mutants, could allow understanding the transport mechanism at a molecular level. These 
experiments could be done in collaboration with the groups of Dr. Condemine, CNRS, 
Université de Lyon (Villeurbanne, France), Prof. Eisenberg University of Illinois (Chicago, 
USA) and Prof. Bernèche, Biozentrum, University of Basel.  
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Figure I.2.5: Cut away representation of the conserved residues NanC pore. 
Residues (except glycins) conserved amongst the members of the KdgM family are reprensented in sticks. They 
all cluster in the central, most constricted, region of the pore.  
 
 
Although the two charged lines seem to be structurally well conserved in the KdgM family, 
only four arginine residues (R6, R105, R107 and R208 in NanC) are highly conserved in all 
the sequences of KdgM family members (Wirth et al, 2009). These four residues are likely to 
play a key role in substrate translocation as all four are grouped together at the centre of the 
pore, close to the constriction zone (Fig. I.2.5). Mutation of these residues could probably 
give insight into their importance for substrate translocation.  
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The following section is describing the expression, purification and crystallization of KdgM 
that was done in parallel to the work on NanC. This project can be divided in three main 
phases: (I) initial crystallization assays using KdgM protein expressed in inclusion bodies and 
refolded and purified using SDS as a detergent, (II) expression and purification of 
6xHisTagged KdgM from the membrane as well as its crystallization with and without 
microseeding matrix screening and (III) design and surface entropy mutant generation, its 
expression and initial crystallization results. 
 
Dr. Caroline Peneff and I worked together on the first phase and obtained the initial KdgM 
crystals that were unsuitable for structure determination. The second phase was done by 
Roman Lehner during his Master practical under my and Dr. Caroline Peneffs’ supervision. In 
addition, Roman Lehner designed the surface entropy mutants used during the third phase of 
the project but could not, during his practical, obtain the variants. Our collaborator, Dr. Guy 
Condemine, obtained a first mutant (K124 to serine) that I purified and crystallized in several 
conditions. The crystallographic analysis was done by me.  
 
As a large part of this section is redundant with the Master Thesis of Roman Lehner, only the 
first and the third phase of the project will be discussed in details. The second part will be 
very shortly summarized but details can be found in the Master Thesis of Roman Lehner.  
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I.3.1. Material and methods 
 
I.3.1.1. Protein expression 
 
Expression in inclusion bodies 
Over-expression of KdgM and KdgN was done in inclusion bodies by Dr. Guy Condemine 
(Unité de Microbiologie et Génétique Villleurbanne, France) using the kdgm (or or kdgn) 
gene without the membrane addressing signal sequence. The gene was cloned into a 
pKSM717 plasmid containing a T7 promoter (Maneewannakul et al, 1994). The expression of 
this protein was following the protocol established for the in vivo and electrophysiology 
studied of NanC (Condemine et al, 2005). 
 
Expression in membranes 
In order to express KdgM in the membrane, the gene was recloned in pKSM717 
(Maneewannakul et al, 1994) with its signal sequence addressing the protein to the outer-
membrane. A 6-histidine tag (6xHis-tag) was also added, as other monomeric porins could be 
expressed, purified and crystallized with a such an affinity tag. The protein was then 
expressed in E. coli BL21(DE3)omp8/pLys (F- ompT hsdSB gal dcm ∆lamB ompF::Tn5 
∆ompA ∆ompC (DE3)) (Prilipov et al, 1998) grown in LB medium at 30°C. The expression 
was induced by addition of 1 mM IPTG when OD reached 1.0. The cells were harvested after 
overnight expression at 30°C and stored at -80°C. 
 
Mutations 
The mutation work was realized by Guy Condemine using Quickchange cloning protocol 
(Stratagen) and various primers depending which mutation has to be introduced. 
 
 
I.3.1.2. Protein purification 
 
Inclusion bodies refolding and purification 
The first productions and purifications of KdgM and KdgN were realized by Dr. Guy 
Condemine using protein expressed in inclusion bodies. After production, the inclusion bodies 
were harvested and dissolved in 6M urea. The solubilised material was refolded by an over 
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night dialysis against a 10mM Tris, 0.5% SDS solution. The refolded protein sample was 
purified using a preparative SDS-PAGE and a Tris-tricine PAGE. Subsequently, gel filtration 
chromatography was performed in order to exchange buffer and detergent to the one used for 
crystallization. 
 
Purification of membrane produced KdgM-His and KdgM-His K124S 
Cells were resuspended in 10mM Tris pH 8.0, 1mM EDTA and lysed using a French press. 
Unbroken cells were discarded after a 15 min centrifugation at 6000g. The total membrane 
fraction was harvested by centrifugation at 100000g for 1h. Membranes were resuspended in 
50mM Tris pH 8.0, 1% N-lauroyl sarcosine (LS) in order to specifically solubilise the inner-
membrane. The outer-membrane was collected by centrifugation at 100000g for 45 min and 
resuspended in 50mM Tris. The protein was then extracted from the outer-membrane by 
addition of increasing octylpolyoxyethylene (OPOE) concentrations. In the first step, 0.5% 
OPOE was added, the sample mixed and centrifuged for 30 minutes at 100000g. The pellet 
was then resuspended and an increased concentration of OPOE added. This was done until the 
whole KdgM–His proteins were extracted according to control SDS-PAGE. 
The purification took advantage of the presence of the 6xHis-tag. Extracted KdgM-His 
protein samples were pooled and bound to a pre-equilibrated (50mM Tris pH 8.0, 0.6% 
OPOE) HisTrap column (GE healthcare) and eluted with a 0 to 500 mM imidazol gradient. 
The fractions containing KdgM-His were pooled, concentrated and subjected to a gel filtration 
chromatography (Superdex 200, GE healthcare) equilibrated with 10 mM Tris pH 8.0, 100 
mM NaCl and the desired detergent for crystallization.  
 
 
I.3.1.3. Crystallization 
 
All crystallization trials were realized at room temperature. Initially, crystallization assays 
were performed using the sparse matrix approach and commercial screens (Jancarik & Kim, 
1991). The reservoir volume was 80µl and the drop was done by mixing 0.5µl of the reservoir 
and 0.5µl of the KdgM solution at concentrations ranging from 5 to 20 mg/ml. This was done 
using 96-well plates and pipetted either manually or using a Phenix crystallization robot from 
Art Robin (in that case the drop was composed of 0.2µl reservoir and 0.2µl of protein 
solution). The found crystallization conditions were refined in 24-well sitting drop plates with 
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a reservoir volume of 500µl and a drop composed of 0.5µl protein solution and 0.5µl 
reservoir solution. 
 
The microseeding matrix screening used in the second phase of this project is an extrapolation 
of the classical microseeding method in which the microseeds are used to sow a whole 
crystallization plate.  This part is described in details in the Master Thesis of Roman Lehner. 
 
 
I.3.1.4. Diffraction data and processing 
 
Although some diffraction data were collected using the in-house x-ray generator, most data 
collections were realized at the Swiss Light Source (SLS) on beamlines PXI and PXIII. 
Before data collection, crystals requiring cryoprotection were soaked in stabilizing solution 
containing either 15 % glycerol or 15 % ethylene glycol and flash frozen in liquid nitrogen. 
Most diffraction data collections were done at 100 K but some measurements at room 
temperature were performed in order to control the crystal quality before freezing. The typical 
oscillation range was 1° and the exposure time was varying from 1 to 3 s per frame at the SLS. 
Data processing and integration was done with MOSFLM (Leslie & Powell, 2007) and XDS 
(Kabsch, 1993), scaling was realized using either SCALA (Evans, 2006) or XSCALE 
(Kabsch, 1993). Phasing by molecular replacement was tried out using PHASER (Mccoy et al, 
2007) and various models. 
 
 
I.3.2. Results and Discussions 
 
I.3.2.1. Crystallization and diffraction data of proteins refolded using SDS 
 
The goal of this project was to understand the molecular mechanisms of the GAn uptake by D. 
dadantii. In order to increase the success probability, work was done in parallel on both 
KdgM and KdgN porins. These proteins were first produced by Dr. Guy Condemine with a 
protocol adapted from previous studies (Condemine et al, 2005; Condemine & Ghazi, 2007). 
KdgM and KdgN were both expressed in inclusion bodies and purified using a method based 
on preparative PAGE. The proteins were then subjected to gel filtration chromatography in 
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order to exchange the detergent and to check the monodispercity of the sample in that 
detergent. Many detergents have been tested (Table I.3.1). Depending which protein was used, 
detergents yielding monodisperse size exclusion chromatography peaks could be identified 
(Table I.3.1).  
 
Table I.3.1: List of detergents used in gel filtration and to crystallize KdgM and KdgN.  
KdgM KdgN 
Detergent 
Tested Monodisperse crystals Tested Monodisperse crystals 
LDAO √ √     
C8E4 √ √ √ √ √  
C8E5 √ √ √    
OG √ √ √ √   
OTG √      
NG √ √     
DM √      
OM √ √     
Fos12 √   √   
Cymal 5 √      
 
Knowing the best detergents for each protein, crystallization screens were set up using 
commercial screens, such as the CrystalScreen from Hampton as well as the Wizard, MemSys 
and MemStart screens from Molecular Dimensions. 
Crystals were obtained for KdgM but not for KdgN. These conditions were all leading to long 
and very thin needle shaped crystals except the most promising crystallization condition that 
was obtained using octylglucoside with nonylmaltoside as additive and that is described in the 
following table. 
 
Protein Concentration Detergent Precipitant 
KdgM 17 mg/ml 
0.6% OG 
0.28% NM 
0.1M MES pH 6.5 
18-23% PEG 600 
50-100mM zinc acetate 
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This crystallization condition was intensively optimized by varying the precipitant 
concentration and the pH and by using additive screens. However, most of the obtained 
conditions led to similar crystals than the original condition. The KdgM crystals were small 
rods of about 30×30×150 µm (Fig. I.3.1).  
 
 
Figure I.3.1: Rod shaped crystals of KdgM obtained after protein refolding in SDS 
 
 
Prior testing these crystals for diffraction, they were frozen in liquid nitrogen without further 
addition of cryoprotectant. X-ray diffraction data were collected at the PXI beamline of the 
SLS. These crystals showed unfortunately very reproducible low resolution diffraction (10-
15Å). No quality improvement could be observed when using crystals of various sizes, grown 
with additives or treated with a dehydration method. In house room temperature data 
collection did not improve the diffraction quality compared to data collection at 100K, 
indicating that the crystals were intrinsically of poor quality and were not suffering from 
freezing in liquid nitrogen. The work on these crystals was not continued further. 
 
Similarly to NanC when purified from inclusion bodies and refolded in SDS, the tendency to 
form crystals leading to low resolution data could be explained by several deficiencies in the 
protein production and purification. As no control was possible, the protein might have been 
improperly refolded when using SDS as a detergent. Another possible reason could have been 
the presence of remaining traces of SDS that could interfere with a normal protein 
crystallization process. SDS is strongly negatively charged and is likely to bind to the positive 
charges of the proteins (KdgM and KdgN have numerous R and K residues). If SDS 
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molecules were binding by their negatively charged moieties to the positively charged 
residues of the protein, the floppy hydrophobic tails of SDS could have impaired the 
formation of tight crystal contacts. However, membrane proteins are known to be difficult to 
crystallize as their huge hydrophobic parts can’t create strong specific crystal contacts that are 
required to obtain good diffracting. In order to avoid potential problems rising from the 
refolding in SDS, the rest of this project was carried out using KdgM purified form the 
membrane. 
 
 
I.3.2.2. Purification and crystallization of the membrane expressed 6xHisTagged KdgM. 
 
As the crystallization of KdgM and KdgN expressed in inclusion bodies and purified with 
preparative PAGE was unsuccessful, a new KdgM expression and purification protocol, using 
a 6xHisTag, was designed by Roman Lehner during his Master training (for the details, see 
the Master Thesis of Roman Lehner).  
 
Structures of small monomeric β-barrel proteins, in particular OmpG and Tsx (Subbarao & 
van den Berg, 2006; Ye & van den Berg, 2004; Yildiz et al, 2006), have been reported in 
which the crystallization as well as the folding of the protein was not disturbed by the 
presence of a C-terminal 6xHis-tag. This is in contrast with the case of the general porins 
where the N- and C-termini are connected by a salt bridge in the middle of a strand (Cowan et 
al, 1992). Therefore, the use of tags was believed to be not applicable for outer-membrane 
proteins. However, considering the similarity of KdgM with OmpG and Tsx, expression of 
KdgM in BL21/Omp8 cells with a C-terminal His-Tag and the signal sequence targeting the 
protein to the membrane (KdgM-His) was undertaken.  
 
KdgM-His membrane extraction took advantage of the experience gained with NanC using 
OPOE as a detergent (Wirth et al, 2009) and yielded in amounts suitable for structural studies. 
In contrast to NanC, the presence of the 6xHis-tag allowed an easier purification using 
HisTrap affinity columns. A subsequent gel filtration was used as final purification step as 
well as to exchange the detergent and buffer. Crystallization assays were done with KdgM in 
several detergents, but only LDAO yielded crystalline objects. However, after optimisation, 
these P222 crystals turned out to diffract only to 9Å and, therefore, were unsuitable to solve 
the KdgM structure.  
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To increase the number of successful crystallization conditions, microseeding matrix 
screening (D'Arcy et al, 2007; Ireton & Stoddard, 2004) was performed using the crystals 
obtained before that were crashed in order to sow complete commercial screens. Using these 
seeds, 35 crystallization conditions could be obtained out of 288 tested (success rate of 
12.5 %). In contrast, without seeds, only 2 conditions could be obtained (success rate of 
0.7 %) when using the same screens. This clearly shows the advantage of overcoming the 
nucleation phase of crystallization by introducing a regular growth matrix into the 
crystallization condition and is the first statistics about this method when using a membrane 
protein.  
 
However, after optimization of the most promising conditions, the diffraction was still limited 
to 6Å in the best case. Interestingly, at least one of the conditions obtained after microseeding 
matrix screening, resulted in crystals having a different space group (P622) than the seeds 
(P222) used in the screen. This demonstrates that the microseeding matrix screening method 
not only allows obtaining more crystallization conditions but also allows getting new crystal 
forms. It seems that, as previously suggested (D'Arcy et al, 2007; Ireton & Stoddard, 2004), 
the seed is only a regular matrix required to grow a new crystal form. 
 
 
I.3.2.3. Design of the surface entropy reduced KdgM mutants.  
 
As neither classical screening, nor microseeding matrix screening yielded crystals suitable to 
solve the KdgM structure, surface entropy reduced mutant were designed. Using the NanC 
structure, sequence alignment of KdgM with NanC, the available KdgM secondary structure 
information and SwissModeller (Arnold et al, 2006), a homology model of KdgM was 
obtained (See the Master Thesis of Roman Lehner for more details as well as for the model 
analysis).  
 
The modelling of KdgM gave insights into its overall structure but could not be used to reveal 
the fine details of its structure. However it was used to design KdgM mutants using the 
surface entropy reduction approach (Derewenda, 2004; Derewenda & Vekilov, 2006; Vekilov, 
2003; Vekilov et al, 2002). In order to enhance the crystallization ability of a protein, bulky 
solvent exposed residues (such as Lys or Glu) can be mutated in shorter residues (Ala, Ser or 
 82 
Asn) in order to allow easier crystal contacts formation. Usually Lys or Glu residues are 
found at the surface of soluble protein. In the case of a porin, however, many charged residues 
are located in the channel but only mutations in the extracellular loops and the periplasmic 
turns can eventually significantly help the increase the crystallization ability of these proteins. 
Using the homology model, six possible mutations sites were found in KdgM (K124 and 
K130 in loop L4, K156 and K161 in loop L5 and E199 and E 203 in loop L6). These residues 
are not conserved in the KdgM family and sequence alignment with homologues was used to 
determine the residue type to replace the selected mutation targets. This led to the 
identification of six mutations (K124S, K130N, K156N, K161N, E199G and E203S). 
 
 
I.3.2.4. Expression and crystallization of a “surface entropy reduction” mutant. 
 
Although all KdgM single mutations have been tried in parallel, only replacement of K124 to 
serine was conclusive yet (KdgM K124S). The difficulties to obtain the other mutants might 
be due to the low C/G content of the KdgM gene and other members of the KdgM family 
(Blot et al, 2002; Ilatovskiy & Petukhov, 2009).  
 
Table I.3.2: Composition of the crystallization conditions obtained with KdgM K124S 
 Buffer Precipitant Salt 
1 - 1 M Na/K phosphate pH 7.5 0.7 M ammonium sulfate 
2 0.1 M Na phosphate pH 6.8 15 % PEG 2000 0.5 M NaCl 
3 0.1 M Tris pH 8.0 20 % PEG 2000, 2% MPD 0.3 M Mg nitrate 
4 0.1 M tri-sodium citrate  
pH 5.6 
10 % PEG 2000 MME 
3 % PEG 200 
20 % glycerol 
- 
5 0.05 M tricine pH 8.0 22 % PEG 4000 - 
6 0.1 M tri-sodium citrate  
pH 5.6 
10 % PEG 2000 MME 100 mM Mg Acetate 
7 0.1 M tri-sodium citrate  
pH 5.6 
12 % PEG 6000 100 mM Lithium 
sulphate 
8 0.05 % Na succinate pH 6.5 15 % PEG 6000 - 
9 0.1 M HEPES pH 7.5 1 M tri-sodium citrate - 
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KdgM K124S was expressed and purified as wild-type KdgM-His in similar amounts. The 
protein sample was then concentrated to 4 and 6 mg/ml and first crystallization screens were 
done using 0.05 % LDAO as detergent. However, although LDAO had proven to be the 
detergent of choice in order to obtain KdgM crystals, the crystallization assays of the K124S 
mutant led to almost only clear drops at these concentrations whereas the wild type KdgM had 
resulted in mostly precipitated drops or even crystallizing at similar concentrations. This 
suggests that the K124S mutant has a higher solubility than the wild type KdgM or a decrease 
in its aggregation tendency. 
 
In order to confirm these observations, a second set of crystallization screens was done at 8 
and 18 mg/ml leading to 24 conditions (out of 384) resulting in crystalline objects from which 
the best are listed in table I.3.2. Some of these conditions (number 3 and 4) have been refined 
using 24-well plates. These crystals (Fig. I.3.2) will be tested for diffraction at the SLS in the 
near future. 
 
 
 
Figure I.3.2: crystal obtained after refinement of conditions 3 (left) and 4 (right) using 
KdgM K124S.  
The crystals from condition 3 are rods having a size of about 250 × 20 × 20 µm whereas the crystals of condition 
4 form imperfect triangles of about 150 × 150 × 20 µm. 
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I.3.3. Conclusions and outlook 
 
Crystallization with refolded in SDS material 
The use of KdgM protein refolded and purified with SDS led to poorly diffracting crystals. 
The crystallization was not problematic as crystals could be obtained easily. However these 
crystals were invariably of poor quality. Although the KdgM sample had been intensively 
washed by dialysis or gel filtration chromatography, the presence of SDS in the protein buffer 
can’t be excluded. This would have a negative effect on the crystallization of KdgM because 
SDS is an ionic detergent able to bind strongly to the positive charges of KdgM. This could 
create further problems in the crystallization step as the detergent molecules, bound to the 
protein via ionic interactions are not labile and can’t easily be displaced to allow crystal 
contacts. 
 
Purification and crystallization of KdgM-His 
The refolding and purification with SDS having proven to be a problem in the case of NanC 
(see I.1.), we decided to use KdgM in as native as possible conditions. It was decided to 
reclone the kdgm gene in order to express the protein in the membrane with addition of a His-
Tag. The protein could be expressed and purified in reasonable amount and to a high purity 
grade. Crystallization gave first hits of, unfortunately, bad diffracting crystals but thanks to 
microseeding matrix screening, several other crystallization conditions could be obtained. 
This is the first time that this method was applied for membrane proteins with a partial 
success as it helped obtaining more crystallization conditions and crystals of different space 
groups using one single seed type. Unfortunately, although the method seemed promising, the 
microseeding matrix screening did not allow obtaining crystals of good enough quality to 
solve the KdgM structure. 
 
Surface entropy reduction 
6 mutants were designed with the help of a KdgM homology model in order to increase its 
crystallization ability but only one has been successfully cloned yet. However, initial 
expression, purification and crystallization trials are very promising as many crystallization 
conditions have been obtained from this mutant. This could never been obtained directly with 
the wild type KdgM. The crystals have not been tested for diffraction yet; however, the high 
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number of crystals and the clear various morphologies allows expecting a positive result in 
the close future.  
 
Although the NanC structure has given the first structural data of the KdgM family the 
amount of available microbiological and biochemical data on KdgM is more important. 
Therefore the KdgM structure could probably allow getting a more complete view of the 
acidic oligosaccharides acquisition mechanisms. 
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The aim of this project was to determine the structure of a member of the recently 
characterized acidic (oligo)saccharide specific KdgM porin family. Members of this outer-
membrane proteins family are mostly present in plant and animal pathogens and supposed to 
be important for virulence.  
 
Work was done in parallel on three members of the KdgM family (KdgM and KdgN from D. 
dadantii and NanC from E. coli). Expression and purification protocols were set up for all 
three proteins, but rapidly, the project was focused on KdgM and NanC. Finally, the NanC 
structure was solved in two different crystal forms at 1.8 and 2.0 Å resolution giving the first 
structural information on members of the KdgM outer-membrane protein family.  
 
Despite many attempts to solve the KdgM structure and the numerous crystals obtained with 
this protein, no good diffraction data could be collected yet. However, the surface entropy 
reduction method clearly showed significant increase in the crystallization ability of KdgM 
but it might be necessary to further mutate other long and bulky amino-acids in order to 
obtain well diffracting crystals. To solve the phase problem for KdgM, molecular replacement 
using the NanC structure as model could be used. The KdgM structure remains of primary 
interest as in its case the translocated substrate has been clearly identified as being 
oligogalacturonate. If co-crystallization or soaking with ligand is possible, the substrate-
KdgM structure could help revealing the details of the molecular mechanisms involved in 
substrate translocation. 
 
The structure of NanC raises several biological questions as mentioned in Section I.2. 
However, although structural data are giving hints for its solute translocation capabilities, the 
subtrate of NanC is not clearly identified yet. From genetic data and from the function of the 
other genes in its operon, NanC seems clearly involved in sialic acid or sialic acid derivatives 
uptake. The structure suggests that NanC could, as KdgM, be involved in the uptake of 
oligomers of acidic sugars or sialic acid containing glycoconjugates. This hypothesis will 
have to be confirmed in the future using in vitro assays. Due to the importance of sialic acid in 
host-pathogen interactions it is important to determine the exact substrate of NanC and how 
its translocation occurs. 
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Abstract 
OmpF, the trimeric general porin from Escherichia coli, is one of the most studied 
bacterial outer-membrane proteins. Its structure has been determined in 1992 by Cowan 
et al. in a trigonal crystal form in which OmpF trimers make lateral contacts via their 
hydrophobic surfaces, generating layers of 32-symmetry. We have adapted the OmpF 
crystallization to vapor diffusion methods and could reproduce these trigonal crystals. 
Data were collected to 2.1Å and the structure was further refined. In addition, a new 
OmpF crystal form diffracting to 2.8Å resolution and belonging to space group C2221 
was obtained. This new crystal form is formed by the same 32-symmetry related layers 
than observed in other OmpF crystal packings.  
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II.1. Introduction 
 
The outer-membrane of Gram-negative bacteria is composed of phospholipids and 
lipopolysaccharides and is spanned by trimeric channel forming proteins called porins 
that can be classified in two main groups. A first group comprises the non-specific or 
general porins, having very little selectivity for the solute they enable the translocation of 
various small hydrophilic molecules (MW ≤ 600 Da) such as nutrients (Nikaido, 2003). 
The second group, called specific porins, regroups proteins with a specific binding site 
for a given (class of) molecule (Schirmer et al, 1995). In both cases, the solute 
translocation is driven by its concentration gradient (Schirmer, 1998). 
 
OmpF, the general porin of Escherichia coli, has been intensively biochemically and 
structurally characterized over the last 30 years. It forms stable trimers and presents weak 
selectivity for cations (Benz, 1988; Nikaido, 2003). The first OmpF structure was solved 
to 2.4Å resolution using trigonal crystals (Cowan et al, 1995; Pauptit et al, 1991). 
However, these were not the first OmpF crystals obtained as a tetragonal crystals form 
could be grown earlier. These were the first well diffracting membrane protein crystals 
grown (Garavito et al, 1983) but their structure was solved only later and to a lower 
resolution than the trigonal crystal form (Cowan et al, 1995). More recently a high 
resolution structure (1.6Å) of OmpF has been reported in a similar trigonal crystal form 
but using an other condition for crystallization (Yamashita et al, 2008). Additionally a 
new hexagonal (P63) crystal form has also been described (Dhakshnamoorthy et al, 2009; 
Yamashita et al, 2008).  
 
Like all structurally characterized general porins, OmpF folds in a 16-stranded hollow β-
barrel structure encompassing a water-filled channel (Nikaido, 2003). The β-strands are 
connected by long loops on the extracellular side and short periplasmic turns. The 
transmembrane aqueous pore extending roughly along the barrel axis is almost 
perpendicular to the membrane and is forming an hour glass shaped channel. Its most 
constricted zone is delimited by barrel residues on one side and residues of the L3 loop 
that is folding into the pore on the other side. Strong hydrophobic and hydrophilic 
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(mostly mediated by loop L2) interactions within the monomers are explaining the tight 
heat stable trimers formed by OmpF (Cowan et al, 1992). 
 
OmpF also remains a good model protein to study ion transport through general porins 
(Karshikoff et al, 1994; Miedema et al, 2006; Pezeshki et al, 2009) as well as interactions 
with antimicrobials molecules (Yamashita et al, 2008).  
 
From a methodological point of view and as only few membrane proteins crystallize 
easily, OmpF is an interesting protein to try obtaining information about the 
crystallization of β-barrel membrane proteins and to develop specific crystallization 
protocols. In order to adapt the micro-dialysis OmpF crystallization protocol used in the 
past, to state-of-the-art methodology, we crystallized OmpF using the sitting drop 
method. Here we present a 2.1Å resolution structure of OmpF obtained from trigonal 
crystals as well as a new orthorhombic form. X-ray diffraction data were collected and 
the structure solved to 2.7Å resolution. The lattice of this form has pseudohexagonal 
symmetry and forms 32-symmetry related layers, in which the interactions are mediated 
by the same residues than in previously reported OmpF crystal forms.  
 
 
II.2. Material and methods 
 
II.2.1. Protein expression and purification  
 
Wild-type OmpF expression and purification was carried out as described previously 
(Cowan et al, 1992). In short, wild type OmpF was expressed in a BL21(DE3)omp8/pLys 
strain (Prilipov et al, 1998). Cells were harvested, broken and OmpF was extracted using 
3% n-octylpolyoxyethylene (OPOE). Subsequently, the protein sample was purified 
using chromatofocusing (PBE94, GE healthcare) followed by size exclusion 
chromatography (Superdex 200, GE healthcare) in order to exchange buffer and 
detergent. 
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II.2.2. Crystallization 
 
All crystallization experiments were performed at room temperature using the sitting-
drop vapor-diffusion method. The protein concentration was 12-14 mg/ml in a buffer 
containing 50 mM Tris pH 8.5, 0.1% OPOE and 0.8% 2-hydroxyethyloctylsulfoxide 
(C8HESO). To screen for new crystallization conditions, the sparse matrix sampling 
approach (Jancarik & Kim, 1991) with two commercial screens (Wizzard from Molecular 
Dimensions and MbClass Suite from Qiagen) and Intelliplates 96-well plates (Hampton 
Research) was used. The plates were set up using a Phoenix robot (Art Robins) with a 
reservoir volume of 80 µl and drops composed of 0.2 µl protein solution mixed with 0.2 
µl reservoir solution. Refinement of promising crystallization conditions was done in 
Cryschem plates (Hampton Research) using 500 µl as reservoir volume and 0.5-1.5 µl 
protein and 0.5-1.5 µl reservoir solutions as the drop.  
 
 
II.2.3. Data acquisition and processing 
 
Prior to data collection, OmpF crystals were soaked few seconds in 10 % ethylene glycol 
to ensure cryoprotection when required and flash frozen in liquid nitrogen. X-ray 
diffraction data were collected at the X06SA and X06DA beamlines of the Swiss Light 
Source (Paul Scherrer Institute, Villigen, Switzerland). Data were processed using XDS 
(Kabsch, 1993) or MOSFLM (Leslie & Powell, 2007) and scaled using XSCALE or 
SCALA (Evans, 2006). Program Pointless (Evans, 2006) was used to confirm the Laue 
group. 
 
 
II.2.4. Phasing, refinement and structure validation 
 
The 2.4Å OmpF model (PDB code 2omf) and rigid body refinement with Refmac (Winn 
et al, 2003) were used to calculate the phases for the trigonal crystal form. The phase 
problem of the orthorhombic crystal form was solved by molecular replacement using 
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PHASER (McCoy et al, 2007) and the OmpF model obtained from the new trigonal 
crystals as search model. The models were refined using several cycles of rebuilding with 
COOT (Emsley & Cowtan, 2004) and refinement with REFMAC (Winn et al, 2001). The 
final model quality was assessed using MOLPROBITY (Davis et al, 2007). The crystal 
contact analysis was carried out using the PISA server (Krissinel & Henrick, 2007).  
 
 
II.3. Result and discussion 
 
II.3.1. Refinement of the standard procedure for obtaining trigonal OmpF crystals 
 
Our initial aim was to adapt, with state of the art methods, the crystallization protocol of 
OmpF allowing the growth of the high resolution diffracting trigonal crystal form. The 
OmpF structure has been solved several years ago (Cowan et al, 1992) using crystals 
grown with the micro-dialysis method (Table II.1). The crystallization condition was 
adapted to vapor diffusion by screening around the original condition. After few trials, 
hexagonal plates could be obtained within few days using 50 mM Tris pH 9.8, 10 % PEG 
6000, 700 mM MgCl2, 0.1 % OPOE and 0.8 % C8HESO (Fig. II.1). X-ray diffraction 
data were collected up to 2.1Å resolution. The crystals were isomorphous to the already 
known trigonal crystal form (cell parameter a = b = 117.1 Å, c = 51.6 Å) (Table II.1). The 
OmpF model (PDB code 2omf) was fitted to these data using few rigid body cycles and 
further refined using REFMAC and rebuilt using COOT. The final model having 
respective R and Rfree of 16.1 % and 19.8 % will be used to replace the older, lower 
resolution, 2omf in the PDB. This new OmpF model for the trigonal crystal form 
superposes on the high resolution structure of OmpF (Yamashita et al, 2008) with a 
r.m.s.d of only 0.120 Å for the Cα (0.371 Å for all protein atoms) with the maximal 
deviations located in the extra-cellular loops indicating that the different crystallization 
condition has almost no impact on the protein conformation. 
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II.3.2. OmpF in a related orthorhombic crystal form 
 
During the attempts to reproduce the trigonal crystal form, several complete commercial 
sparse matrix screens were also done. Micro- or needle shaped crystals that were not 
suitable for structural studies were obtained in various conditions and not further 
optimized. Other conditions were all containing high NaCl concentrations (higher than 
2.5 M) but had various buffers ranging from pH 6.2 to 8.0. These conditions were leading 
to thin hexagonal plate crystals resembling the trigonal crystals and were further 
optimized (Fig. II.1). The best crystals were grown from 0.1 M HEPES pH 7.5 and 3.2 M 
NaCl (Table II.2). These new OmpF crystals appeared after 10 to 15 days and were 
reaching their maximum size (up to 400 × 400 × 20 µm) about 2 days later.  
 
These crystals diffracted up to 2.7Å resolution at the Swiss Light Source. Automatic 
processing with MOSFLM and XDS revealed a hexagonal lattice with a = b = 116.7 Å 
and c = 145.4 Å. When processed in P3, however, the statistics where unsatisfactory. 
Therefore, the data were reprocessed in P1 and the Laue group determined using 
Pointless (Evans, 2006) as being Cmmm. Systematic absences were observed for 00l ≠ 
2n suggesting a 21 screw axis along c. After data processing with XDS and reduction with 
XSCALE, the statistics in C2221 were acceptable (table II.2). Matthews coefficient 
calculation (Matthews, 1968) suggested the presence of one trimer in the asymmetric unit 
(VM = 3.96 Å3/Da). The phases were obtained using molecular replacement, program 
PHASER and the new trigonal OmpF model at 2.1Å resolution. A significant molecular 
replacement solution was found with a rotation and translation functions z-scores of 20.3 
and 74.7, respectively, and a final Log Likelihood Gain of 9150. Few cycles of rigid body 
refinement were followed by cycles of rebuilding/refinement using COOT and REFMAC 
resulting in a final model at 2.7Å resolution with R and Rfree values of 21.3 % and 24.4 % 
respectively. 
 
The overall structure of OmpF in the orthorhombic crystal form is almost identical to 
previously solved OmpF structures (2ZFG, 2OMF and 1OPF). The monomeric structure 
is composed of a 16-stranded β-barrel superimposing with an r.m.s.d for all atoms of 
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0.402 Å, 0.424 Å and 0.329 Å for monomer A, B and C, respectively, with the high 
resolution structure of OmpF (PDB code 2ZFG).  
 
The OmpF trimer observed in the asymmetric unit of the orthorhombic crystal form (Fig. 
II.2) is identical to the one found in the trigonal or tetragonal OmpF crystals (Cowan et 
al, 1995; Cowan et al, 1992). However, some variation can be observed at the level of the 
loops, especially at the tip of loop L6 from monomer B (residues 243 to 246) where the 
electron density is not interpretable. Intriguingly this region is very close to a crystal 
contact mediated by loop L7 with a 2-fold related symmetric mate of monomer B. If loop 
6 of monomer B would have the same structure as in monomers A and C, the side chains 
of this loop would clash with the 2-fold related equivalents in monomer B. It is possible 
that this position is occupied by only one of the two symmetry-related loops at a given 
time. This would explain the disorder of the tip of loop L6. 
 
 
II.3.3. The reoccurring packing of OmpF in layers of 32-symmetry. 
 
OmpF is naturally forming tight trimers in vivo. In the a-b-plane of the orthorhombic 
crystal form, OmpF trimers are arranged in layers of 32-symmetry resembling 
honeycombs. Within a honeycomb, the OmpF trimers are alternatively oriented up and 
down along the 3-fold symmetry (Fig. II.2). This honeycomb-like arrangement in the a-b-
plane can be described by a unit cell with the following calculated dimensions: a = 117.5 
Å, b = 116.9 Å and γ = 120.2°. These values are very close to the requirements for a 
trigonal or hexagonal space group (a = b; α = β = 90° and γ = 120°) and are probably the 
explanation of the difficulty to index these data with both MOSFLM and XDS as well as 
of the characteristic 622 pattern of the self-rotation.  
 
In the a-b-plane, the OmpF trimers are exclusively forming crystal contacts via isologous 
hydrophobic areas. Two major interaction areas (1 and 2) can be identified (Table II.3 
and Fig. II.3). Interestingly, these crystal contact (interfaces 1-1 and 2-2) are identical to 
those found in two other OmpF crystal forms reported in the literature (P321 and P63) 
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(Cowan et al, 1992; Yamashita et al, 2008) (Tab II.1) but are not observed in the 
tetragonal crystals (Cowan et al, 1995).  
 
Membrane protein crystals can be classified in two different classes (Ostermeier & 
Michel, 1997). Type I membrane protein crystals are composed of layers of proteins 
forming hydrophobic contacts. The layers are superposed in the third dimension where 
contacts are formed by the hydrophilic parts of the protein. In type II membrane protein 
crystals, proteins are exclusively interacting via their hydrophilic parts. Interfaces 1-1 and 
2-2 helping the formation of the C2221 crystals are favoring the OmpF crystallization in 
type I membrane protein crystals as they allow the formation of planar honeycombs in 
which proteins are interaction exclusively via their hydrophobic interfaces. These two-
dimensional architectural elements can then stack in layers in order to form 3D-crystals 
of various space groups.  
 
Along c, the crystal contacts are unrelated betwenn the three crystal forms (Fig. II.4). In 
the orthorhombic crystal form, the contacts in this area are only formed by the interaction 
of loop L7 from monomer B with its symmetry related neighbor whereas in the trigonal 
crystal form the interaction areas are larger, each β-barrel interacting in a “head to tail” 
fashion with its neighbor.  
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Conclusions 
 
In this report we present the protocol allowing obtaining the “classical” trigonal crystal 
form of OmpF using modern sitting drop techniques. During our attempts of reproducing 
these well diffracting trigonal crystals, we found a new orthorhombic crystal form 
growing in high NaCl concentrations and presenting the same hexagonal shape than the 
trigonal crystals. These new crystals are diffracting to 2.7 Å resolution and are belonging 
to space group C2221. In the a-b-plan, the OmpF packing is identical to the previously 
reported trigonal crystals as well as the recently reported hexagonal crystals suggesting 
that the two interfaces involved are highly favorable in order to form tight type I 
membrane protein crystals.  
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Table II.2: Diffraction and refinement statistics  
 
Diffraction data   
Space group P321 C2221 
Wavelength 0.9000 Å 1.0000 Å 
Resolution limits # 58.0 – 2.1 (2.21 – 2.1) 50.0 – 2.7 (2.9 – 2.7) 
Molecules per asymmetric unit 1 3 
Cell dimensions (Å, °) 117.1, 117.1, 51.6, 90.0, 90.0, 120.0 
117.4, 202.1, 148.3,  
90.0, 90.0, 90.0 
Rmerge # 8.2% (27.7%) 13.3% (43.3%) 
I/σ(I) # 24.0 (8.4) 15.5 (5.0) 
Number of unique reflections # 23977 (3466) 47103 (8585) 
Multiplicity # 11.0 (10.8) 7.47 (7.59) 
Completeness # 99.8% (100.0%) 96.7% (92.7%) 
   
Refinement statistics   
Resolution range (Å) 58.0 – 2.1 50 – 2.7 
R / Rfree 16.1% / 19.8% 21.3% / 24.4% 
Rmsd bound length 0.009 Å 0.011 Å 
Rmsd bound angle 1.224° 1.235° 
Total number of atoms  
(protein/detergent/solvent) 2627 / 75 / 227 7877 / 40 / 70 
 
 
#: Numbers in brackets are values for the high resolution shells. 
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Table II.3: Residues involved in the lateral apolar van der Waals contacts between 
OmpF trimers. 
 
 
Interface 1  Interface 2 
Asp92*  Phe265 
Val93  Phe267 
Tyr139  Leu269 
Phe144  Ile273 
Phe145  Val297 
Leu147  Tyr313 
Val148  Ile315 
Leu151  
Phe153  
Ala154  
Val155  
Tyr157*  
Val174  
Ile178  
Tyr191  
 
 
* may form a hydrogen bound between the main chain oxygen of Asp92 and the hydroxyl group of the Tyr157 
side chain. 
The same residues are involved in all the crystal forms (P321, C2221, P63) composed of layers of 32 symmetry. 
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Figure II.1: OmpF crystal with hexagonal morphology belonging to space-group P321 
(top) and C2221 (bottom) 
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Figure II.2: Crystal contacts in the a-b-plane and comparison of the orthorhombic form 
with the trigonal and hexagonal crystal forms of OmpF.  
(A)  Ribbon representation of the OmpF trimer arrangement in the a-b-plane of the orthorhombic crystal, (B) of 
the trigonal crystal form and (C) of the hexagonal crystal form. OmpF coloured in red are representing the 
molecules present in the asymmetric unit.  
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Figure II.3: Isologous hydrophobic crystal contacts located on 2-fold axes.  
These contacts are observed in the orthorhombic, trigonal and hexagonal crystal forms. Interface numbering is 
referring to table 2. Note the presence of a detergent or lipidic alkyl chain in the interface 2-2 (marked det.). 
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Figure II.4: Crystal contacts along the c axis 
Comparison between crystal arrangement along the c axis in the (A) orthorhombic, (B) trigonal and (C) 
hexagonal crystal forms (arrows indicate the contact sites). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 123 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 124
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 125 
Chapter III 
 
 
 
 
 
 
 
 
Expression, purification and crystallization 
assays of the sucrose permease IIBC  
and its complex with a Fab fragment 
 
 
 
 
Christophe Wirth, Caroline Peneff, Jun-ichi Saito1 and Tilman Schirmer# 
 
 
 
 
 
 
Department of Structural Biology, Biozentrum, University of Basel, Klingelbergstrasse 70, 
4056-Basel, Switzerland. 
 
1. Present address: Research Division, Kyowa Hakko Kirin Co., Ltd., 1188 Shimatogari 
Nagaizume, Sunto-gun, Shizuoka 411-8731, Japan. 
 
 
#: Corresponding author tilman.schirmer@unibas.ch 
 126
 
 127 
Abstract 
The inner-membrane of Gram-negative bacteria is a selective barrier allowing the specific 
uptake of nutrients or signalling molecules and release of waste molecules. Amongst the 
existing nutrient uptake systems, the phosphoenolpyruvate-dependent carbohydrate transport 
system (PTS) is the structurally least well-characterized. The PTS complex is belonging to the 
group translocation super-family of permeases. The transmembrane moiety (IIC protein or 
domain) of the PTS is allowing specific translocation of a sugar molecule and its concomitant 
phosphorylation by the IIB protein or domain. The PTS is also involved in the bacterial 
virulence and in sensing the energy state of the cell and therefore regulating the general 
metabolism. Here we report the expression and purification of the sucrose specific IIBCsuc 
permease (sharing domain B and C on a single polypeptide chain). In order to enhance the 
crystallization ability of the permease and to rigidify its structure, Fab fragments were 
produced and purified before IIBCsuc-Fab complexes were formed. Crystallization assays 
were realized using both IIBCsuc and IIBCsuc-Fab complexes and crystals were obtained. The 
diffraction quality was promising but no optimisation could be done as the raised crystals 
were not reproducible. Topology models will also be discussed. 
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III.1. Introduction 
 
Bacteria are protected from the environment by membranes that are also playing an essential 
role in sensing signals coming from the surrounding environment and in the uptake of all 
nutrients essential for bacterial survival and development. They play a permeability barrier 
role in order to form discrete compartments in the bacteria. Gram-negative bacteria are 
surrounded by two membranes delimiting the periplasm.  
 
The outer-membrane is an asymmetric selective barrier composed of a layer of phospholipids 
on the periplasmic side and a layer of lipopolysaccharide turned to the outer environment. 
Small molecules of a typical size of less than 600 Da can freely diffuse through the outer 
membrane thanks to β-barrel proteins called porins (Nikaido, 2003). These porins can be 
specific or non-specific to one particular molecule (Schirmer, 1998). Bigger molecules can be 
transported into the periplasm thanks to energy dependant transporters (Ferguson & 
Deisenhofer, 2002). 
 
The inner-membrane (or cytoplasmic membrane) is composed of a phospholipid bilayer. In 
contrast to the outer-membrane where substrate translocation is done by wide opened porins, 
at the inner-membrane level, the transport is done by numerous channels and transporters 
displaying a high specificity and a very different behaviour. The cytoplasmic membrane is 
used to store energy by forming a proton gradient between the periplasm compartment and the 
cytoplasm. To keep this proton gradient, wide open, hole forming, proteins cannot exist in the 
inner-membrane as they would result in proton leakage. Therefore the channel and transporter 
proteins located in the cytoplasmic membrane are usually shaped as switches that are able to 
tightly control the substrate translocation without unwanted release of protons. All the 
transmembrane domains of inner-membrane proteins structurally characterized yet are α-
helical. This probably confers a high flexibility to the transmembrane protein allowing it to 
change conformation during substrate uptake.  
 
Depending which type of energy they use to translocate their substrate, inner-membrane 
transporters can be classified in three different super-families (Saier et al, 2009).  First, 
proteins that can be called channels as they are acting as passive transporter allow the 
translocation of ions or molecules downhill their concentration gradient. These proteins do not 
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require additional energy to function. A second group, also called transporters, needs energy 
in order to translocate molecules or ions, against their concentration gradients. The energy can 
be provided by ATP hydrolysis, light or by concomitant transport of another molecule 
downhill its concentrations gradient such as in syn- or antiporters. A third super-family of 
inner-membrane transporters is called group translocators. This family is coupling the 
translocation of a given molecule with its chemical modification (i.e. phosphorylation). 
 
The transport of carbohydrates is mediated by the phosphoenolpyruvate (PEP): sugar 
phosphotransferase system (PTS) belonging to the group translocation family (Saier et al, 
2009). The PTS are ubiquitous in eubacteria but are not found in archaebacteria or eukaryotes 
(Robillard & Broos, 1999) and typically, up to 20 different PTS proteins are found in a 
bacteria. The PTS is also implied in several sensing and signal transduction phenomena 
(Lengeler & Jahreis, 2009) as well as regulation of virulence (Tsvetanova et al, 2007). The 
PTS allows sensing of saccharides in the growth environment as well as the energy state of 
the cell.  
 
The PTS is a multi-protein system transporting sugars and hexitols from the periplasm to the 
cytoplasmic with their concomitant phosphorylation. The system consists in a membrane-
spanning transporter and in several soluble proteins implied in a phosphate transfer cascade 
leading finally to sugar phosphorylation (figure III.1). There are two general PTS proteins 
called enzyme I (EI) and histidine-containing phosphocarrier protein (Hpr) and a variable 
number of sugar specific transporting and phosphorylating complexes called enzymes II. The 
enzyme II complex is composed of three to four functional parts (IIA, IIB, IIC and sometimes 
IID), which can be found as a single peptidic chain forming three domains or as individual 
proteins forming a heteromultimer complex (Postma et al, 1993). This is the result of 
evolutionary fusion and splitting mechanisms that do not reflect mechanistic differences. 
 
A phosphoryl group is transferred from PEP to His15 of the phosphocarrier protein Hpr by 
enzyme I (transiently phosphorylated during the reaction on His189). Hpr transfers the 
phophoryl group to the different sugar specific transporting complexes. The phosphoryl group 
is first transferred to the IIA subunit which, then, phosphorylates the IIB subunit. When a 
sugar molecule is translocated into the cytoplasm by the IIC domain, it is immediately 
phosphorylated by the IIB subunit (figure III.1). The enzyme II complexes (EII) are also able 
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to realize the so-called exchange reaction, in which a phosphorylated carbohydrate is used as 
phosphoryl donor to phosphorylate another carbohydrate (Robillard & Broos, 1999).  
 
 
 
Figure III.1: Schematic representation of the mannitol, mannose and glucose specific 
PTS. 
The enzymes common to all sugars are represented in blue and each sugar-specific system is represented in a 
different colour. 
 
Experiences on the mannitol specific EII complex have shown that there is a coupling 
between the transport and the phosphorylation activities (Elferink et al, 1990) as the transport 
of the sugar is much more efficient when EII is phosphorylated. EII complex is also able to 
transport the sugar without being phosphorylated. In that case, the transport efficiency is two 
orders of magnitude lower that in the phosphorylated form of the complex. The transport is 
not necessary to allow phosphorylation of the carbohydrate by the IIB domain as shown using 
transport deficient mutants (Manayan et al, 1988). 
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Apart HPr and EI that are common for all sugars, EII can be classified in five different 
families according to their sequences similarities. These are the glucose-sucrose, the 
mannose-sorbose, the mannitol-fructose, the lactose-cellobiose and the glucitol-galactitol 
families (Lengeler et al, 1994; Postma et al, 1993; Robillard & Broos, 1999; Tchieu et al, 
2001). Within a family, EII proteins are sharing more than 25% overall sequence identity and 
domains can often be exchanged and complemented. This is not the case between members of 
different families for which the high sequence identity is only limited to some specific regions 
and therefore, no domain exchange can be done. All members of these families are believed to 
function as dimers (Erni et al, 1989; Lolkema et al, 1992; Ruijter et al, 1992).  
 
In the glucose-sucrose family, IIB and IIC are always fused in either IIBC (sucrose) or IICB 
(glucose) polypeptide chains. IIA domain can be either a free, distinct protein or can be linked 
to the IICB protein, forming a IIBCA protein. Intermolecular complementation has been 
described between several members this family (Hummel et al, 1992; Schnetz et al, 1990; 
Vogler et al, 1988) suggesting a modular evolution of this family from single domain proteins 
to a more complex multi-domain polypeptide. This family is phosphorylating glucose 
containing sugars at the C6 position (Postma et al, 1993) and has a high affinity: IICBglu  has a 
Kd of 1.5µM for glucose (Ruijter et al, 1992). According to hydropathy and PhoA and LacZ 
protein fusion analysis, 8- and 6-transmembrane helices folds have been proposed for IICBglu 
and a IIBCsuc respectively (Buhr & Erni, 1993; Titgemeyer et al, 1996).  
 
The mannitol enzyme II system of E. coli consists in a single IICBAmtl polypeptide chain that 
is having two binding sites of high and low affinities for mannitol (Lolkema et al, 1992). 
Protein fusion experiments suggest that IICBAmtl folds in a 6-transmembrane helices structure 
(Sugiyama et al, 1991). 
 
In contrast with the other families, mannose specific enzyme II is composed of two membrane 
bound subunits (IIC and IID) forming a IIABCDman complex. The mannose binding side is 
located on the IIC domain, but IID is required to form a fully active enzyme (Mao et al, 1995; 
Rhiel et al, 1994). Stoechiometry analysis suggests a complex composed of two IIABman, one 
IICman and two IIDman protein domains (Erni et al, 1987). The IIC domain has been predicted 
as having six α-helices whereas the IID domain is anchored into the membrane by a single α-
helix (Huber & Erni, 1996). 
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Over the last 15 years, structural information on the EI, HPr and EII proteins of the PTS has 
been accumulated (figure III.2) (Siebold et al, 2001). Full length structures of EI have been 
determined in both phosphorylated and dephosphorylated states (Marquez et al, 2006; 
Oberholzer et al, 2009; Teplyakov et al, 2006). EI is composed of two domains: the N-
terminal (EIN) binding the HPr and the C-terminal domain binding the PEP. The first HPr 
structure was characterized in 1992 (Herzberg et al, 1992) using X-ray crystallography and 
several others, including NMR structures have been obtained to intensively study this protein 
(van Nuland et al, 1994). Complexes between EIN and HPr could also been obtained (Garrett 
et al, 1999; Liao et al, 1996) giving insight into the phosphate transfer mechanisms.  
 
 
Figure III.2: Cartoon representation of IIA and IIB domains belonging to different PTS 
families. Figure taken from Siebold et al, 2001. 
Phosphorylated residues (green) and other active site residues (red and blue) are represented.  
 
Many structures of EIIA and EIIB have also been solved. Both are folding differently 
according to their family (figure III.2) (Robillard & Broos, 1999; Siebold et al, 2001). EIIA 
representatives from all four PTS classes have been characterized. IIAglu of E. coli is folding 
in a sandwich of two six-stranded β-sheets and two α-helices (Worthylake et al, 1991). 
EIIAman of E. coli is forming a homodimer of α/β subunits stabilized by a strand exchange 
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between the two involved monomers (Nunn et al, 1996). IIAmtl is a 5-stranded β-sheets 
surrounded by α-helices (van Montfort et al, 1998) whereas IIAlac is forming a homotrimer 
composed of three-helix-bundles subunits (Sliz et al, 1997). EIIB are also folding in different 
ways according their family. IIBglu is folding in a four-stranded β-sheet flanked by three 
helices on one side (Eberstadt et al, 1996) whereas IIBcel and IIBman are folding in open-
twisted four- and seven- stranded β-sheets respectively (Schauder et al, 1998; van Montfort et 
al, 1997). More recently additional structural information on the less studied glucitol-
galcatitol family, has been obtained, completing the overview on these proteins (Volpon et al, 
2006). Structure of EIIA-EIIB complexes have also been obtained recently (Cai et al, 2003) 
giving further insight in Enzyme II structures and interactions. However, both EIIA and EIIB 
have variable folds according to their family, therefore the atomic details of EIIA and EIIB 
complex formation are still unclear for most of the EII families as well as the molecular 
mechanisms of the non-specific interaction between HPr and the IIA enzymes of each sugar-
specific family. 
 
Natural plasmids are small circular DNA fragments present in bacteria. They are generally 
carrying a particular function or ability that can be transmitted from one bacterium or specie 
to the other by conjugation. The 70kb pUR400 plasmid is conferring the ability to use sucrose 
as sole carbon source as well as tetracycline resistance to its host. Examples have been 
isolated from Salmonella and E. coli strains (Schmid et al, 1982; Wohlhieter et al, 1975) 
indicating that this plasmid is transmissible from one specie to the other (Wohlhieter et al, 
1975). The pUR400 plasmid is carrying an operon allowing the uptake and catabolism of 
sucrose (Cowan et al, 1991). This operon is composed of five genes: (I) ScrK encoding for an 
ATP-dependent fructokinase, (II) ScrY for a sucrose specific porin, (III) ScrA, for a sucrose 
specific PTS enzyme IIBCsuc, (IV) ScrB encoding for β-D-fructofuranoside fructohydrolase 
cleaving sucrose 6-phosphate into β-D-fructose and a-D-glucose 6-phosphate and (V) the 
negative Scr operon regulator encoded by ScrR. The ScrA gene product, called IIBCsuc, is 
belonging to the glucose-sucrose family of the PTS (Postma et al, 1993).  
 
Obtaining x-ray grade crystals remains the principal bottleneck of membrane proteins 
structural elucidation. This is mostly due to the high flexibility of these proteins as well as, the 
limited size of the hydrophilic areas on the protein surface susceptible to form strong and 
specific crystal contacts. In order to overcome this problem, several attempts were done using 
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monoclonal antibodies (mAb) Fab or Fv fragments (Hunte et al, 2000; Hunte & Michel, 2002; 
Ostermeier et al, 1997; Rasmussen et al, 2007; Uysal et al, 2009; Zhou et al, 2001). The tight 
binding of the Fab or Fv is believed to stabilize the structure of the membrane protein and 
increasing substantially the size of its hydrophilic part. This can eventually allow formation of 
tighter crystal contacts. In addition, when using a Fab targeting a structural epitope (i.e. an 
element of the folded protein) the membrane protein can be trapped in a certain conformation 
that could limit its flexibility and increase its crystallization ability (Hunte & Michel, 2002). 
In our study of IIBCsuc, we used this approach using different Fab fragments. 
 
Because of its ubiquitous presence in bacteria and its absence in archaebacteria and 
eukaryotes, the PTS is a potential anti-microbial drug target. In order to complete the 
structural knowledge of the PTS, structures of the transmembrane domain of EII from the 
different families have to be obtained. Moreover, group translocation proteins are one of the 
few inner-membrane family class for which no structural data is available. Here we present 
our over-expression and purification results on the IIBCsuc from S. typhimurium as well as 
production and purification of anti-IIBCsuc Fab antibody fragments. Both protein and Fab 
were to form IIBCsuc-Fab complexes that were utilized for crystallization experiments. IIBCsuc 
in silico study will also be discussed.  
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III.2. Material and methods 
 
III.2.1. Bioinformatic analysis 
 
In order to try predicting the IIBCsuc secondary structure, several programs, such as TopPred 
(Claros & von Heijne, 1994), TMHMM (Sonnhammer et al, 1998), SOSui (Hirokawa et al, 
1998) or HMMTOP (Tusnady & Simon, 2001) were used with the amino acid sequence of the 
C-terminal domain of IIBCsuc. Homology modelling was also tried out using both HHpred 
(Soding et al, 2005) and SwissModel (Arnold et al, 2006). 
 
 
III.2.2. IIBCsuc cloning and expression  
 
Cloning 
The project was started by Dr. Jun-ichi Saito who made the following IIBCsuc constructs. The 
scra gene was amplified from plasmid pUR400 and inserted in a pET15b vector using primers 
including 6-histidine tag (6xHisTag) to generate tagged proteins either at the N- or C-terminus. 
The pET15b plasmid, however, contains already a 6-histidine tag at the N-terminus of the 
inserted sequence. Therefore this cloning led to (I) a His-His-IIBCsuc construct having two 
6xHisTags at the N-terminus and (II) to a His-IIBCsuc-His construct having a 6xHisTag on 
both termini. The plasmid was then transformed into an Escherichia coli C41 strain. The 
positive transformants were selected using the ampicillin resistance conferred by the pET15b 
plasmid. 
 
In order to correct these cloning mistakes, new constructs were designed and standard cloning 
protocols were applied to generate constructs of IIBCsuc with only one 6xHisTag as well as 
IICsuc and IIBsuc (constructs of the C- and N-terminal domains of IIBCsuc). Using primers 
corresponding to the N- or C-terminal nucleotide sequence of the IIBCsuc gene, an additional 
6xHisTag and including an NcoI or NdeI, the IIBCsuc gene was amplified using a standard 
PCR protocol (28 cycles of 30s denaturation at 95°C, 60s of annealing at 53°C and 120s 
elongation at 68°C) and Pfu polymerase. Primers were designed in order to have a NdeI 
restriction site on the N-terminal side of the construct and a NcoI on the C-terminal side. PCR 
product was purified using a preparative agarose gel and amplified fragments were 
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subsequently subjected to NcoI or NdeI digestion. In parallel, a MidiPrep (Qiagen) allowed 
production of pRUN plasmid that were also digested with both NcoI and NdeI and 
subsequently dephosphorylated. After over-night ligation at 4°C, competent XL1-Blue cells 
(Stratagene) were transformed and grown over-night on a LB plate containing 100 µM 
ampicillin. Few transformant colonies were grown over-night and a MiniPrep (Qiagen) was 
done to obtain the plasmid which was subsequently checked by sequencing. Once the plasmid 
was controlled, it was transformed in BL21(DE3)/pLys for protein expression. 
 
Expression 
Initial expression tests were done at various temperatures and IPTG concentrations for 
induction in order to optimize the amount of protein obtained. Typical tested temperatures 
were 37, 30 and 25°C. Bacteria were grown to an OD of 0.6 and IPTG was added to final 
concentrations of 0.1 or 1 mM. Samples were collected at several time points and the amount 
of protein obtained was checked using Western blot and an anti-HisTag antibody. For over 
expression, several litres of LB containing 100 µM ampicillin and 20 µM chloramphenicol 
were used with over-expression protocols designed previously. After various induction times, 
the cells were harvested by centrifugation (15 min, 10000 g) and frozen at  
-80°C.  
  
 
III.2.3. Membrane preparation and IIBCsuc extraction 
 
Cells were resuspended in lysis buffer (50 mM HEPES, 400 mM NaCl, 5 mM β-
mercaptoethanol, 4 mM EDTA) and disrupted using 3 cycles of French Press (1200 psi). 
Lyzate was centrifuged at low speed (20 min, 10000 g) to remove cell debris followed by an 
ultracentrifugation (45 min at 100000 g) to collect the membranes. The total-membrane pellet 
was resolubilised in 50 mM Tris, 150 mM NaCl. In order to separate the inner-membrane 
from the outer-membrane, a sucrose gradient was done. The lower third of the tube was filled 
with a 50 % sucrose solution in 50 mM Tris, 150 mM NaCl, 5 mM β-mercaptoethanol, and 3 
mM EDTA on the top of which a 25 % sucrose solution was slowly pipetted. Finally, the tube 
was filled with the resuspended membrane solution. Tubes were centrifuged over-night at 
200000g. Next day, the fraction containing the inner-membrane was collected, diluted to 
reduce the sucrose concentration and centrifuged again (45 min at 100000 g) in order to pellet 
the inner-membrane and to remove eventual remaining soluble proteins. At this point, the 
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inner-membrane pellet was resupended in 50 mM Tris pH 8.0, 150 mM NaCl and frozen or 
directly used for subsequent membrane protein extraction. 
The IIBCsuc extraction was achieved mixing either a 7 % DM or a 0.5 % DDM in 25 mM Tris 
pH 8.0, 150 mM NaCl, 10 mM sucrose, 5 mM β-mercaptoethanol solution with the same 
volume of inner-membrane solution to obtain a final solution at 3.5 % DM or 0.25% DDM. 
The extraction was performed over 2 hours at 4°C. The sample was then ultracentrifuged 
during 45 min at 100000 g in order to discard the remaining inner-membrane pellet. 
 
 
III.2.4. IIBCsuc purification 
 
The purification of IIBCsuc took advantage of the 6xHisTag of the construct. Purification was 
realized “in batch” using NiNTA beads (Qiagen) allowing a better binding of the IIBCsuc to 
the affinity chromatography material. The extracted IIBCsuc protein sample was mixed with 2 
ml of NiNTA beads pre-equilibrated in 25 mM Tris pH 8.5, 150 mM NaCl, 10 mM sucrose, 5 
mM β-mercaptoethanol (TNS buffer) supplemented with the desired detergent at 3 times the 
critical micellar concentration. The mixture was incubated for 1 hour at 4°C with gentle 
mixing. After a washing step with TNS buffer, elution was performed with several increasing 
steps of imidazol (60, 90, 150, 250 mM). The fraction and purity of IIBCsuc was controlled by 
SDS-PAGE. Subsequently, IIBCsuc fraction was concentrated and loaded on a size exclusion 
chromatography (Superdex 200 or Superose 12 from GE healthcare) in order to exchange the 
buffer for 10 mM Tris pH 8.0, 150 mM NaCl, 10 mM sucrose and the desired detergent at the 
desired concentration. 
 
 
III.2.5. IIBsuc purification 
 
Bacteria overexpressing IIBsuc were resuspended in 50 mM Tris pH 8.0, 150 mM NaCl, 5 mM 
β-mercaptoethanol and 10 mM imidazol and subjected to French Press (3 times 1200 psi). 
The cell lysate was centrifuged (1h at 100000 g) and the supernatant loaded on a HisTrap 
column. The presence of 10 mM imidazol in the binding buffer avoided non-specific binding 
of contaminants. Elution was done with a linear gradient of 10 to 750 mM imidazol. IIBsuc 
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containing fractions were identified by SDS-PAGE analysis, concentrated and loaded on a 
superdex 75 gel filtration column (GE healthcare) equilibrated in 10 mM Tris, 100 mM NaCl.   
 
 
III.2.6. Monoclonal antibody purification 
 
Production 
Antibodies were produced by our collaborator Dr. René Fischer (Institute of Organic 
Chemistry, ETH, Zurich, Switzerland). Purified IIBCsuc solubilized in octyl-glucoside was 
injected in mice together with adjuvants in order to raise anti-IIBCsuc antibodies. To produce 
large amounts of monoclonal antibodies, the mouse hybridoma cells production system 
(Schwaber & Cohen, 1973) was used. Antibodies were produced in cell culture medium 
containing or not serum with similar efficiency. After production, the cells were removed by 
centrifugation and the supernatant stored at 4°C. Anti-IIBCsuc monoclonal IgG antibodies 
(mAb) were selected on their ability to recognize IIBCsuc in a ELISA test but not on a Western 
blot, allowing the selection of antibodies binding only to folded IIBCsuc. An additional 
antibody able to bind to IIBCsuc in both ELISA and western blot was also selected and 
produced in order to be used as labeling tool for IIBCsuc.  
 
Purification 
After 0.22µm filtration, hybridoma cells growth medium containing the mAb was loaded on a 
HiTrap Protein G HP affinity column (GE healthcare) after column equilibration in 40 mM 
phosphate pH 7.0. To wash the column, 20 ml of the same phosphate buffer was used 
allowing removing unspecific binding. The elution was performed using a 0.1 M solution of 
glycine buffer at pH 2.7. Fractions of 0.5 ml were collected in collection tubes containing 100 
µl of 1 M Tris pH 9.0 in order to neutralize the pH avoiding unfolding or precipitation of the 
IgG. The purity of the sample was checked using a 15% SDS-PAGE electrophoresis in 
reducing conditions. The samples containing IgG were dialyzed over night and at 4°C against 
a 100 mM acetate pH 5.5, 2 mM EDTA solution to exchange the buffer in a 12 kDa cut-off 
dialysis tube (dilution 1:100) 
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III.2.7. Fab fragment production and purification 
 
Papain digestion 
To generate Fab fragment, IgGs were cleaved using papain digestion as previously reported 
(Padavattan et al, 2007). To set up the protocol and find out ideal digestion conditions, the 
mAb solution in a 100 mM acetate pH 5.5, 2mM EDTA was mixed with L-cystein acting as 
reducing agent and activator of papain at a 2.5 or 5mM final concentration. The papain was 
added at different ratios (typically 1 papain/50 IgG, 1/100, 1/250 and 1/500) and the sample 
was incubated for several hours at 37°C under agitation. Every 30 minutes an aliquot was 
taken out of the reaction mix and a 50-fold excess, compared to the papain concentration, of 
fresh E64 papain inhibitor was added in order to instantaneously stop the reaction. The 
different aliquots were then analyzed using a 15% SDS-PAGE. Once the best conditions had 
been set up for a given antibody at a given concentration, the IgG was cleaved routinely using 
the same protocol on larger amounts. To remove slowly the L-cystein, an over-night dialysis 
was performed against 25mM acetate buffer at pH 5.5 using a 12 kDa cut-off dialysis tube. 
 
 
Purification 
In order to purify Fab fragments from contaminants, a strong cation exchange 
chromatography was performed. The dialyzed sample containing the cleaved IgG was loaded 
on a Mono S HR 5/5 column (GE healthcare) that had previously been equilibrated in 25 mM 
acetate pH 5.5. The bound proteins were eluted with a very shallow 0 to 500 mM NaCl 
gradient. To perform optimal separation, the gradient was hold as soon as the OD monitoring 
shows a raising peak and was started again only when the absorption had returned to the 
baseline. The eluted peaks were collected in 1 ml fractions and analyzed using a 15 % SDS-
PAGE electrophoresis in reducing or non-reducing conditions (no β-mercaptethanol in the 
sample buffer). Subsequently, a size exclusion chromatography was realized on the Fab 
fragments purified with the cation exchange chromatography to remove aggregates and to 
change the Fab buffer. This was performed using a Superdex 75 10/30 column (GE 
healthcare) equilibrated with 20 mM Tris pH 8.0, 500 mM NaCl, 10 mM sucrose. Fractions 
containing Fab could be stored at 4°C for several weeks. 
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III.2.8. IIBC-Fab complex formation and purification 
 
To prepare the IIBC-Fab complexes, the solutions containing IIBCsuc and the Fab were mixed. 
A 2.2 to 2.5-fold molar excess of Fab was used and both proteins were incubated together for 
30 minutes at room temperature. Prior mixing, the detergent used for IIBCsuc purification was 
added to the Fab solution at a concentration between 2 and 3 times the CMC. Then the sample 
was concentrated in a 50 kDa Amicon (Millipore) and loaded on a Superdex 200 HR 10/300 
size exclusion column (GE healthcare). This final purification step allowed the removal of the 
Fab excess. 
 
 
III.2.9. Dot blot experiments 
 
In order to determine to which domain the Fab fragments are binding, dot blot experiments 
were realized. Few µl of IIBCsuc or IIBsuc were adsorbed on nitrocellulose paper. The paper 
was saturated during 2h with a 10% milk solution in 50 mM Tris pH 8.8, 150 mM NaCl 
(TBS-milk). After few washing steps, the nitrocellulose membrane is incubated 1h with the 
desired Fab fragment or antibody in TBS-milk with 1:1000 and 1:2000 dilution factors 
respectively. Anti-Fab antibodies linked to alkaline phosphatase was used as secondary 
antibody and incubated with the membrane for 1h. Dots were revealed using the alkaline 
phosphatase activity of the secondary antibody and FAST tablets (Sigma). 
 
 
III.2.10. Crystallization 
 
Prior crystallization protein samples (IIBCsuc, IIBsuc and IIBCsuc-Fab) were concentrated using 
Amicon filtering devices (Millipore) of corresponding molecular weight cut-off. The protein 
concentration for crystallization was ranging from 5 to 20 mg/ml. All crystallization screens 
were realized at 20°C. Initial crystallization assays were done in 96-well plates using the 
sitting drop technique (vapour diffusion method). The following commercial crystallization 
screens were carried out: Crystal screens I and II (Hampton Research), MbClass I, Classic 
Lite (Qiagen) or Wizard and MemSys/MemStart (Molecular dimensions). Once initial 
crystallization conditions had been obtained from these screenings, optimization was realized 
in 24-well plates.  
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III.2.11. X-ray data collection and processing 
 
Crystals were frozen in liquid nitrogen after a quick soak in a cryoprotection solution 
containing either 15% ethylene glycol or 15% glycerol. All X-ray diffraction data were 
collected on beamline X06SA of the Swiss Light Source (Villigen, Switzerland) using typical 
exposure time of 1s and a MAR CCD detector. The data where processed using MOSFLM 
(Leslie & Powell, 2007) and scaled with Scala (Evans, 2006). The solvent content of the 
found solutions was estimated using the Matthews coefficient calculation (Matthews, 1968). 
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III.3. Results and discussions 
 
Our aim was to solve the crystal structure of IIBCsuc using specific Fab fragments in order to 
enhance its crystallization ability. Before the beginning of this project, IgG monoclonal 
antibodies (mAb) were raised in mice by Dr. René Fischer (ETH Zurich) using purified 
IIBCsuc and the hybridoma cells production system. Three clones, termed G13, G22 and F24, 
were selected based on their ability to bind IIBCsuc on ELISA or on Western Blot.  
 
G22 and F24 were binding IIBCsuc in its native state as both IgG were recognizing IIBCsuc in 
an ELISA test but unable to bind to unfolded IIBCsuc in a Western blot. In contrast, G13 was 
able to recognize IIBCsuc in both ELISA test and Western blot. Therefore, G22 and F24 are 
recognizing a structural epitope whereas G13 is probably recognizing a linear sequence of 
IIBCsuc. A priori, G22 and F24 are supposed to bind tightly to the IIBCsuc protein enhancing 
its hydrophilic surface and, as they recognize a structural epitope, stabilizing a given 
conformation. G13 is binding a linear epitope and is therefore probably less efficient in 
stabilizing the structure of IIBCsuc for crystallization but can be used to detect it in Western 
Blot for example.  
 
Prior to crystallization trials, mAb purification followed by Fab production and purification as 
well as IIBCsuc purification was required. Both IIBCsuc (with a single or with two Histags) 
constructs could be used without significant differences.  
 
 
III.3.1. IIBCsuc expression, membrane extraction and purification  
 
Expression 
The ideal growth conditions for the E. coli strain and the IIBCsuc expression protocol were 
well established after several systematic expression tests. For large scale expression, typical 
volumes were 10 flasks of 500 ml of LB medium each. The induction was done at OD = 0.6 
with 1 mM IPTG and IIBCsuc was expressed for 4 hours at 30°. This protocol allowed 
obtaining routinely an amount of nearly 1.5 grams of dry cells resulting in about 0.5 mg of 
IIBCsuc per litre of culture. 
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Membrane preparation and protein extraction 
Dr. Jun-ichi Saito and Dr. Caroline Peneff, in their initial attempts to crystallize IIBCsuc, could 
obtain crystals diffracting to a resolution at about 4Å. However, after structure solving, it 
turned out that these where crystals of OmpF, the major porin of the outer-membrane from E. 
coli. A deeper analysis of the reasons of this contamination resulted in the following 
conclusions. When extracting the membrane proteins directly after cell lysis, OmpF, the major 
general porin E. coli was representing the major contaminant. OmpF contaminants could not 
be completely removed using Ni-NTA chromatography. To avoid OmpF contamination, an 
additional sucrose gradient step was included to the membrane preparation protocol. After cell 
disruption using a French Press, unbroken cells were removed by centrifugation and an 
ultracentrifugation step allowed the total membrane fraction to be collected. The resolubilized 
membrane pellet was loaded on a 25 % / 50 % sucrose gradient and ultracentrifuged for 
several hours. This allowed separation of the inner- from the outer-membrane. The outer-
membrane was pelleted at the bottom of the tube whereas the less dense inner-membrane 
fraction which is unable to enter the 50 % sucrose solution and remained at the 25 % - 50 % 
interface. The inner-membrane fraction (the 25 % sucrose and about half of the 50 % sucrose 
solution) was collected, diluted and ultracentrifuged in order to obtain an inner-membrane 
pellet. The pellet was resuspended in 50 mM Tris pH 8.0, 150 mM NaCl and could be readily 
used for protein extraction or frozen for several weeks at -80°C.  
 
For protein extraction, the protocols were first tested in small scale experiments using 
different concentration (ranging from 2 to 100 times the critical micellar concentration) of 
various detergents such as decyl-maltoside (DM), dodecyl-maltoside (DDM), or thesit 
(C12E9), the most used for inner-membrane protein extraction. Extraction efficiency was 
controlled with Western blots and anti-His as primary antibodies (figure III.3). One condition 
(0.25 % DDM) allows almost complete solubilisation of IIBCsuc in a homogenous manner 
whereas increased DDM concentration or other detergents were leading to inhomogeneous 
samples (figure III.3). At 0.25 %  DDM, the protein was extracted in a single band that could, 
according to it’s size, correspond to the monomeric form of IIBCsuc. Other detergents were 
yielding two bands: the same, likely monomeric, form of IIBCsuc and an additional band of 
higher molecular weight that was likely to consist in IIBCsuc dimers. In some cases (0.5 % 
C9E12 or 2.5 % DDM) higher molecular weight aggregates were also visible. Once optimized, 
the IIBCsuc extraction conditions were used routinely with larger amounts of proteins. 
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Figure III.3: Western blot of IIBCsuc extraction tests using 3 different detergents.   
Detergent concentrations are in percentage. Potential IIBCsuc oligomeric states are mentioned. 
 
III.3.2. IIBCsuc purification 
 
IIBCsuc purification took advantage of the 6xHisTag present in the construct. The binding on 
HisTrap columns (GE Healthcare) was weak and only a small fraction of the total IIBCsuc 
protein could be attached and purified using this column. In order to allow better binding, 
IIBCsuc samples were mixed with Ni-NTA beads and kept at 4°C for 2 hours under gentle 
agitation. Using beads allowed binding of virtually all IIBCsuc to the Ni-NTA material. This is 
likely to be due to the longer binding time when using beads. However, there was also a 
substantial difference in binding efficiency between the double- and mono-HisTagged IIBCsuc. 
The almost non-binding of IIBC-His can be explained by an eventual buried HisTag at the C-
terminus side of the protein. Elution was realized in steps using increasing imidazole 
concentration (Figure III.4). Almost all IIBCsuc is eluted between 60 and 150mM imidazol. 
 
Figure III.4: SDS-PAGE of IIBCsuc Ni-NTA affinity purification  
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Fractions containing IIBCsuc are pooled and subjected to gel filtration chromatography in 
order to exchange the buffer. Detergents are considered as critical for the protein 
monodispersity. Therefore, only detergents allowing elution of IIBCsuc as a monodisperse 
peak and showing only minor aggregation were conserved for crystallization trials (Figure 
III.5).   
 
Figure III.5: Gel filtration chromatogram of IIBCsuc in DM detergent and 
corresponding SDS-PAGE 
The blue trace represents the UV absorption. Green and red bars correspond to the fractions loaded on the gel. 
 
 
According to the gel filtration elution peak at a volume of 12.75 ml, IIBCsuc might be a dimer 
in solution (estimated molecular weight of about 100 kDa). In order to confirm this, blue 
native polyacrylamide gels (BN-PAGE) were done allowing running the protein samples 
according to their molecular mass. IIBCsuc migrates in a rather smeary line, but forms a 
predominant band at roughly a similar size than the 140 kDa band of the MW ladder. 
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III.3.3. Antibody purification 
 
The IgG purification is realized using a Protein G affinity chromatography column (HiTrap 
Protein G HP, GE Healthcare). Protein G is a cell surface type III Fc receptor of the Group G 
streptococci able to bind the Fc region of IgG by a non-immune mechanism similar to that of 
the protein A from Staphylococcus aureus (Akerstrom et al, 1985).  
The purification of the different IgG used in that study led to various results. Both G22 and 
G13 could be easily purified and these IgG are eluting in a single peak, after 1.5 to 2 column 
volumes (figure III.7). G13 presented a good solubility during the elution contrariwise to G22 
that had a tendency to precipitate during the elution. As the acid pH used to elute the IgG was 
neutralized immediately after elution, this aggregation process must be the result of the very 
high G22 concentration during the elution of the protein G column. Diluting ten times the 
samples containing the eluted G22 could solve the aggregation problem. The analysis on 
SDS-PAGE (figure III.7) revealed, for both G13 and G22 antibodies, the presence of sharp 
bands corresponding to the heavy and light chains of the purified IgG. A smeary band of 
nearly the same molecular weight surrounds these bands. This corresponds certainly to the 
contaminant IgG coming from the serum added to the medium used to raise the hybridoma 
cells. In the flow through, one major band is visible certainly corresponding to serum albumin 
present in the medium. 
 
Figure III.7: SDS-PAGE after monoclonal antibody purification 
Example of SDS-PAGE in reducing conditions after HiTrap Protein G column purification of G22. FT stands for 
flow through. Elution with 100 mM glycine pH 2.7 allowed quick release of the IgG. The two characteristic 
heavy and light chains are visible.  
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In the case of F24, there was also one single peak on the absorption chromatogram, but no 
sharp band on the SDS-PAGE. Only the smeary bands were visible corresponding to heavy 
and light chains of antibodies but not from one single species. As the ELISA tests after 
expression were positive and as there was no corresponding band neither on the loaded 
medium sample nor in the flow through sample, we conclude that the expression of F24 must 
be very low and therefore we decided to not continue working with this IgG. 
 
 
 Bands on SDS-PAGE 
 IgG Fab Fc 
Reducing  conditions 
55 kDa (heavy chain) 
25 kDa (light chain) 
Double band at  
~25 kDa 
30 kDa 
Non-reducing conditions 150 kDa 50 kDa 60 kDa 
 
Figure III.8: Schematic representation of IgG, its papain cleavage product and 
description of the bands visible on SDS-PAGE in reducing and non-reducing conditions. 
 
 
III.3.4. Fab production by antibody cleavage 
 
The Fab production protocol was adapted from a previous protocol developed in the lab 
(Padavattan et al, 2007). Papain is cleaving IgG at the so-called “hinge region”, a region that 
is particularly easy to access for the protease (figure III.8). In order to determine the optimal 
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cleavage time and conditions, small scale tests were done while varying parameters such as 
papain concentration compared to the IgG concentration, L-cystein concentration and 
digestion time (figure III.9). The optimal cleavage condition for G22 was a low concentration 
of papain (1 papain per 250 IgG molecules) and low L-cystein concentration (2.5 mM). The 
incubation time for this IgG was 90 minutes. For G13, the best cleavage condition was with a 
higher concentration of papain (molar ration of 1:50 IgG molecules) and higher L-cystein 
concentration (5mM). In this case, the optimal incubation time was 45 minutes.  
 
 
Figure III.9: SDS-PAGE of papain digestion tests of G13. 
SDS-PAGE of the optimal G13 cleavage conditions showing the increase of the Fab specific double band at 
about 25 kDa. The papain to IgG ratio was 1:50 and the L-cystein concentration was 5 mM. The heavy-chain 
(HC), light chain (LC) are disappearing while the Fc and Fab bands are appearing. 
 
 
According to Adamczyk et al. (Adamczyk et al, 2000) this suggests that G22 could be from 
the IgG2a or IgG3 subtypes and G13 could be from the IgG1 subclass. As protein G columns 
are able to bind strongly all these different subclasses of IgG, it was not possible to 
discriminate these subclasses at the previous purification step. 
 
The cleavage led to a characteristic observation on the SDS-PAGE. For an uncleaved IgG, in 
reducing conditions, two main bands were visible at nearly 27 and 50-55 kDa. These bands 
correspond respectively to the light and heavy chain of the IgG (figure III.8). Once the IgG 
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was cleaved, the SDS-PAGE in reducing conditions was presenting two additional bands. One 
was very close to the size of the one at 27 kDa and the second band was about 30 kDa in size. 
In the mean time, the heavy chain band was disappearing on the SDS-PAGE. In fact, the 
heavy chain band was cleaved into two parts resulting in a Fab composed of the light chain 
and of the fragment of the heavy chain that is very similar in size compared to the light chain 
forming a characteristic double band on SDS-PAGE under reducing conditions. The 30 kDa 
corresponds to the Fc fragment obtained after digestion. 
 
 
 
III.3.5. Fab purification  
 
Various proteins and peptide chains were contaminating the Fab samples after IgG cleavage. 
This includes mostly Fc fragments and uncleaved antibodies but probably also different Fab 
forms (as the papain cleavage is not sequence specific). Cation exchange chromatography 
(MonoS, GE Healthcare) was used with a very shallow NaCl gradient (and its eventual “hold” 
as soon as a protein peak was appearing on the chromatogram), in order to separate different 
forms of Fab and to conserve only the peaks containing the major Fab form (figure III.10). 
This procedure turned out to be really efficient in differentiating forms of Fab fragments 
thanks to their surface charge differences. This purification step was also allowing the 
removal of Fc fragments that were eluting at higher NaCl concentration than the Fab. 
According to SDS-PAGE, the fractions belonging to the major Fab peak were mixed and 
further purified. 
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Figure III.10: Example of cation exchange chromatogram of Fab fragments from G22 
purification and corresponding SDS-PAGE. 
The blue trace represents the 280nm UV absorption. Correspondences between SDS-PAGE lines and 
chromatography peaks are marked with numbers. Ld stands for “load” and corresponds to the protein solution 
that was loaded on the column. FT stands for flow through. 
 
 
In order to finalize the Fab purification, the sample was subjected to gel filtration 
chromatography (Superdex 75, GE Healthcare). In both G22 and G13 cases, the 
chromatogram was very similar allowing the separation of the remaining uncleaved mAb 
contaminants, found in the exclusion volume, from the Fab. Eluted from the column in a 
monodisperse peak, G22 and G13 Fab fragments were unambiguously identified on SDS-
PAGE (figure III.11). Once purified, the Fab fragments could be stored for several weeks at 
4°C. However, to avoid aggregation problems, the concentration had to be kept low (below 1 
mg/ml) for long term storage.  
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Figure III.11: Example of gel filtration chromatogram of G22 Fab fragment and the 
corresponding SDS-PAGE. 
Gel filtration chromatogram of the UV (280nm) absorption (blue trace). The fractions marked by the red and 
green bars are representing contaminants (probably non-digested IgG) and purified Fab fragments respectively. 
The bars are also marking the corresponding lines on the SDS-PAGE in both reducing and non reducing 
conditions. 
 
 
 
III.3.6. IIBC-Fab complex formation and purification 
 
IIBCsuc-Fab(G22) 
The IIBCsuc-Fab complex formation was obtained by mixing both components of the complex 
and by incubating it under gentle mixing. The protein sample was then concentrated and 
purified using a Superdex 200 gel filtration column. Two elution peaks were visible on the 
chromatogram (figure III. 12).  
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Figure III.12: Gel filtration chromatogram of IIBCsuc-Fab(G22) and its corresponding 
SDS-PAGE. 
The blue trace represents the UV absorption. According to the SDS-PAGE, peak 1 was containing IIBCsuc and 
Fab, whereas peak 2 was containing only G22 Fab fragments. 
 
 
According to the SDS-PAGE, the peak 1, eluting at a molecular weight of about 10.5 ml 
(about 280 kDa of MW), was probably corresponding to IIBCsuc-Fab(G22) complex. The 
mass determined by the elution volume of this complex corresponded roughly to the sum of a 
IIBCsuc dimer and two Fab(G22) molecular weight (~200kDa) embedded in a detergent 
micelle. No significant difference in band intensity was visible on the gel suggesting a 1:1 
ratio of IIBCsuc and Fab(G22). The second peak, corresponding to a lower molecular weight 
of around 50 kD, wass eluted later. This peak contains the excess of Fab (G22).  
 
 
IIBCsuc-Fab(G13) 
G13 is a mAb directed against a linear epitope of IIBCsuc. As already observed during papain 
digestion, G13 mAb belongs probably to the IgG1 family. The difference in MW of the Fab 
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two chains is also smaller than in the G22 case resulting in a single band on a SDS-PAGE in 
reducing conditions. During the IIBCsuc-Fab(G13) complex formation analysis, an interesting 
feature concerning Fab(G13) has been observed. Compared to IIBCsuc-Fab(G22), the complex 
with Fab(G13) showed a complete different behaviour when subjected to gel filtration 
chromatography (figure III.12 and III.13). The chromatogram was showing a double peak of 
high molecular weight in addition to the Fab(G13) excess peak. On SDS-PAGE, these two 
peaks were consisting in a single identical band of high molecular weight.  
 
Figure III.13: Gel filtration chromatogram of IIBCsuc-Fab(G13) and the corresponding 
SDS-PAGE. 
The blue trace corresponds to the UV-absorption. Green and red bars represent fractions in which IIBCsuc-
Fab(G13) and Fab(G13) are present respectively.  
 
 
In order to get insight into the composition of this, SDS-PAGE stable, high molecular weight 
complex, Western blot experiments were undertaken using several antibodies. The high 
molecular weight band was recognized by anti-HisTag antibodies as well as by anti-Fab 
antibodies, but not by anti-Fc antibodies indicating that both IIBCsuc and Fab(G13) were 
present in this single high molecular weight band. This suggests that Fab(G13) is binding to 
IIBCsuc tightly enough to not be disturbed in SDS-PAGE conditions. Increased concentration 
of SDS or of β-mercaptoethanol did not help to separate the Fab(G13) from its IIBCsuc epitope. 
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Only heating of the sample, inducing aggregation of IIBCsuc allows obtaining a Fab band 
situated at the expected Fab size (data not shown). As β-mercaptoethanol had no effect, a 
disulfide bound between IIBC and Fab(G13) is probably excluded to explain the strong 
binding of Fab(G13). No effect of SDS was detected as well, suggesting that detergents do not 
affect the binding of Fab(G13) and that this strong binding may be due to hydrophobic 
interactions. 
 
The presence of a double peak indicates polydispersity of the complex. The elution volumes 
of about 11 and 12.2 ml indicate that the two species have a MW of about 250 and 125 kDa 
respectively. As both peaks contain IIBCsuc and Fab(G13) it is likely that the first peak is 
corresponding to the IIBCsuc dimer (100 kDa) in complex with two Fab(G13) molecules (50 
kDa each) surrounded by detergents. The second peak could correspond to a IIBCsuc monomer 
with one Fab(G13) bound. If this assumption is true, this would mean that Fab(G13) is 
binding to an epitope located close to the dimerization interface and that it is disturbing the 
quaternary structure of IIBCsuc. 
 
In order to further characterize the binding of Fab(G13) on IIBCsuc, its N-terminal domain 
(IIBsuc) was expressed in E. coli and purified using Ni-NTA affinity chromatography and 
subsequent gel filtration (data not shown). The protein was strongly expressed and easily 
purified in high amounts (50 – 100 mg per litre of culture). IIBCsuc and IIBsuc were used for 
dot-blot experiments with G13 and G22 Fab fragments. No signal could be detected for 
Fab(G22) probably because it is a conformational epitope and that during the dot blot 
experiment, IIBCsuc is unfolding because of the absence of detergent in the solutions. In 
contrast, Fab(G13) was binding only to IIBCsuc but not to IIBsuc, suggesting that Fab(G13) is 
specifically binding to the transmembrane domain IICsuc. The binding on transmembrane 
domain corresponds to a major selection criterion for using Fab fragments as it allows the 
increase of the insoluble part of IIBCsuc. The tight binding of G13, as well as its binding 
location on the IICsuc domain indicates that it might be a good candidate to continue structural 
investigation. However, the gel filtration chromatogram also suggests that this Fab may 
disturb the oligomeric state of IIBCsuc, eventually leading to problems during crystallization.  
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III.3.7. Crystallization of IIBCsuc and IIBCsuc-Fab  
 
IIBCsuc 
As the IIBCsuc crystallization ability had already been intensively investigated, most of the 
screens realized here were to study the behaviour of IIBCsuc when it was extracted and 
purified using a new detergent or buffer. This was mainly in order to test if the detergent 
concentration was acceptable and to have a reference for the comparison between IIBCsuc and 
IIBCsuc-Fab crystallization screens. Screens designed for membrane specific proteins were 
used in that case (MemSys/MemStart or MbClassI) at usually rather low protein concentration 
(3-8 mg/ml).  
 
The crystallization behaviour of IIBCsuc was tested in 0.3 % DM at up to 8 mg/ml, 0.025-
0.03 % DDM at up to 10 mg/ml and 0.05 % C12E9 at 3mg/ml of IIBCsuc. In all cases the 
screens presented clear and precipitated drops as expected for a protein in suitable 
concentration for crystallization. In addition, DM screens often led to many drops with phase 
separation that was often turning into round solid objects. Although they were containing 
protein, as assessed using the micro-spectrophotometer, these “crystal” were presenting only 
powder diffraction. 
 
Different crystals coming from different crystallization conditions were obtained during these 
assays. All IIBCsuc crystals obtained were grown when using DDM for extracting, purifying 
and crystallizing the protein. The crystals were all obtained at a IIBCsuc concentration of 8 
mg/ml and using 0.025% as a DDM concentration in the protein buffer prior to crystallization. 
All conditions obtained with commercial screens are listed in Table III.14. 
 
The typical growing time of these crystals was ranging between 2 and 4 weeks. Crystals were 
usually very small (number 1 was the biggest with an approximate size of 100 × 50 × 30 µm). 
These crystals, unfortunately, could never been reproduced and optimized when using another 
IIBCsuc batch.  
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# Protein buffer 
Crystallization 
condition 
Crystal picture 
1 
20 mM Tris pH 8.0, 
10 mM sucrose,  
200 mM NaCl,  
0.025% DDM 
0.1 M Hepes pH 7.5 
30 % PEG 400 
 
2 
20 mM Tris pH 8.0, 
10 mM sucrose,  
200 mM NaCl,  
0.025% DDM 
0.1 M MOPS pH 7.0 
0.1M NaCl 
12% PEG 4K 
 
3 
20 mM Tris pH 8.0,  
10 mM sucrose,  
100 mM NaCl,  
5% glycerol,  
0.025% DDM 
0.2 M imidazole/malate 
pH 8.5 
17.5 % PEG 10K 
 
 
Table III.14: List of IIBCsuc crystallization conditions and crystal pictures. 
 
 
IIBCsuc-Fab 
Both IIBCsuc-Fab complexes (with G22 and G13) obtained have been used in crystallization 
screens. The typical threshold above which the complex was starting to strongly precipitate in 
the screens was around 15 mg/ml. Crystals have been obtained in different conditions using 
the IIBCsuc-Fab(G22) complex. The protein solution used to obtain these crystals was coming 
from a single purification realized using 3.5 % DM for the extraction followed by 0.3 % DM 
during the IIBCsuc purification and the Fab binding procedure. During the final purification 
step (to remove the excess of Fab) a detergent exchange was performed for 0.025 % DDM in 
20 mM Tris pH 8.0, 100 mM NaCl, 5 % glycerol, 10 mM sucrose. All crystals were grown at 
a concentration of 18 mg/ml. These very tiny crystals could not be reproduced and optimized 
yet. The conditions in which they appear are summarized in the Table III.15.  
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# Crystallization condition Crystal pictures 
4 
0.1 M Hepes pH 7.5,  
0.1 M NaCl,  
0.1 M LiSO4,  
12% PEG 4000 
 
5 
0.1 M Tris pH 8.5,  
0.2 M Tri sodium citrate,  
30% PEG 400 
 
6 
0.2 M imidazole/malate pH 7.0,  
10% PEG 4000 
 
 
Table III.15: List of IIBCsuc-Fab(G22) crystallization conditions and corresponding 
crystal pictures. 
 
 
 
III.3.8. Diffraction experiments and data analysis of IIBCsuc and IIBCsuc-Fab 
 
Although they were very fragile, few crystals obtained from each conditions could be fished 
using cryoloops and frozen in liquid nitrogen. Prior to freezing, crystals from conditions 2 and 
3 were quickly soaked into a cryoprotecting solution. The x-ray diffraction experiments were 
done at 100K on beamline X06SA at the SLS.  
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IIBCsuc 
Crystals obtained from conditions 2 and 3 were showing only very weak diffraction with only 
a few reflections on the diffraction pattern whereas the crystal obtained in condition 1 was 
showing a clear pattern at a muchbetter resolution (12 Å) (figure III.16). Few diffraction 
images could be collected allowing indexing with MOSFLM (Leslie & Powell, 2007). These 
crystals were belonging to space group P2 or P21 and had a = 117 Å, b = 131 Å, c = 170 Å 
and β = 101° as cell constants. Assuming IIBCsuc is a constitutive dimmer, Matthews 
coefficient (Matthews, 1968) analysis of these crystals suggested a number of 3, 4 or 5 IIBCsuc 
dimers corresponding to 72 %, 62 %, 53 % solvent content, respectively.  
 
 
 
Figure III.16: IIBCsuc X-ray diffraction pattern 
The right panel shows a zoomed in image presenting the pattern and the best resolution spot (arrow) 
 
 
IIBCsuc-Fab 
The biggest crystals obtained with the IIBC-Fab(G22) complex were tested for diffraction on 
beamline X06SA at the SLS. The crystals obtained from conditions 4 and 5 showed very 
week diffraction but a clear protein pattern (figure III.17). The resolution in this case was very 
low at nearly 30 Å. This can be partially due to the very small size of the crystals (about 10 × 
10 × 30 µm). 
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A IIBCsuc-Fab(G22) crystal grown in condition 6 was also tested. This was the only crystal in 
that drop but had grown slightly bigger than in crystals from other conditions (around 20 × 20 
× 40 µm). The diffraction was at a resolution around 12 to 15 Å with a rather clear pattern 
(figure III.17). 
 
 
 
Figure III.17: Diffraction pattern of IIBCsuc-Fab(G22)  
Examples of diffraction patterns obtained with IIBCsuc-Fab(G22) crystals grown (left) from condition 4 and 
(right)  from condition 6. Maximal resolutions are represented with an arrow. 
 
In this later case the indexing of the crystal could be achieved using MOSFLM. The space 
group of these crystals was P2(?)2(?)2(?) with unit cell parameters equal to a = 79.4 Å, b = 
119.8 Å and c = 189.3 Å. Solvent content analysis using Matthews calculation revealed an 
unlikely low solvent content (45%) if the asymmetric unit would contain one dimer of IIBCsuc 
in complex with two Fab molecules (total MW = 200 kDa). However, if one assumes that one 
of the crystallographic two fold axis is located on a local two fold axe of the putative dimer of 
IIBCsuc, each IIBCsuc monomer in complex with one Fab could fit into the asymmetric unit 
with a solvent content of 73 %. This solvent content would be in better agreement with typical 
solvent content values found in crystals of membrane protein that are embedded in a detergent 
micelle. 
 
 
 
 
 161 
III.3.9. Bioinformatic analysis of IIBCsuc 
 
Transmembrane helices prediction 
The transmembrane part of the bacterial inner-membrane proteins is composed of α-helices. 
These helices have an overall high hydrophobicity and a characteristic amphipathic pattern 
and therefore it is possible to directly predict the number and location of transmembrane 
helices from the protein sequance. Several servers were used to predict the transmembrane 
helices of the IIBCsuc C-terminal domain (figure III.18). All but one program predicted a ten 
transmebrane helices topology and all predicted helices are located at almost identical 
positions in the sequence. Except the SOSui program, all would suggest a topology in which 
IIBCsuc would have its both N- and C- termini in the cytoplasm. The topology predicted by the 
SOSui program would lead to a N-terminus located in the periplasm which is inconsistent 
with the location of the IIB domain that has to be located in the cytosol for functional reasons. 
 
Figure III.18: Compilation of transmembrane helices prediction of the C-terminal 
domain of IIBCsuc 
Putative transmembrane helices predicted by HMMTOP (blue), SOSui (green), TMHHM (yellow) and TopPred 
(red) programs are marked. Black and purple helices represent the prediction made by Titgemeyer et al. (1996) 
and Buhr et al. (1993) respectively. Residue numbers refer to the full length IIBCsuc.  
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These results are in contrast with Titgemeyer et al. (Titgemeyer et al, 1996) which proposed a 
6 helices model for the IIBCsuc close homologue ScrA from K. pneumoniae. The helices 
predicted in that study were also predicted in silico by the programs (figure III.18). However, 
in Titgemeyer et al., the protein was predicted to have two long loops in the cytoplasm that 
are detected by the prediction programs as being putative transmembrane helices. The 4 
additional detected helices are presenting a majority of hydrophobic residues. In order to form 
the amphipatic helices, the hydrophilic residues present in these helices should be located in 
intervals of multiples of 3 to 4 residues. In the sequence, no long patches of hydrophilic 
residues are visible at the localization of the additional computer proposed helices, giving a 
supplementary indication that these helices might span the membrane. Another model based 
on fusion protein experiments and hydropathy analysis was proposed for the related IICBglu 
(Buhr & Erni, 1993) and consists in an eight transmembrane helices bundle.  
 
Taken together these data suggest that the transmembrane domain of IIBCsuc has an unclear 
number of transmembrane helices. Experimental data suggesting 8 helices, it is possible that 
the two addition “transmembrane” helices detected by the programs could be membrane 
associated and not transmembrane. In order to obtain more insights, further structural 
knowledge is clearly required. 
 
 
Homology modelling 
Sequence based homology modelling was carried out in parallel with SwissModel (Arnold et 
al, 2006) and with HHpred (Soding et al, 2005). In both cases, the programs identified 
structurally characterized homologues in the N-terminal part of the IIBCsuc sequence, 
corresponding to the IIB domain of the protein. Two homologous proteins (IIB domain of the 
IIABC of clostridium difficile (PDB code: 3ipj) (unpublished data) and IIBglu from E. coli 
(PDB code: 1iba and 3bp3) (Eberstadt et al, 1996; Nam et al, 2008) with high sequence 
identities (respectively 42, 30 and 29 %), were used as templates in order to compute a 
structural model of the IIB domain from IIBCsuc using Modeller (Sali & Blundell, 1993).  
 
The computed IIBsuc model strongly resembles the identified homologues used as template. 
IIBsuc is forming a globular α/β protein domain composed of an antiparallel β-sheet flanked 
by three α-helices (figure III.19).  
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Figure III.19: Ribbon representation of the HHPred generated model of IIBsuc domain 
of IIBCsuc. 
Its active site (Cys 26) is represented in sticks.  
 
However, no proteins sharing enough similarity with the transmembrane domain of IIBCsuc 
and for which the structure is known was detected by homology modelling programs. 
Therefore, obtaining structural data is still necessary to understand the molecular mechanisms 
underlying the sugar uptake and its concomitant phosphorylation and more generally to 
determine the fold of the IIC domain.  
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Conclusions 
 
This study aimed to solve the crystal structure of the IIBCsuc protein from S. typhimurium in 
order to obtain the first structural insights into the sugar uptake at the inner-membrane level 
by the PTS system. In order to achieve this, IIBCsuc was expressed and purified in E. coli. In 
addition, in order to increase the crystallization ability of IIBCsuc, specific antibody Fab-
fragments were produced, purified and used to increase the soluble part and to rigidify IIBCsuc. 
Although initial crystallization conditions were also obtained with IIBCsuc without Fab, 
crystals could also been grown for the IIBCsuc-Fab(G22) complex confirming the potential of 
this method. However, the crystals were never reproducible from one IIBCsuc batch to the 
other suggesting that an uncontrolled parameter influences the crystallization. Cases have 
been reported were the amount of lipids present in the protein sample was critical for 
crystallization and obtaining well diffracting crystals (Lemieux et al, 2003). It is likely that 
such, yet uncontrolled, parameters are critical for crystal reproduction. In the past years other 
methods have been used to solve structures of membrane proteins. DARPINS, that are 
binding very tightly to their target and are not flexible in contrast to Fab fragments, have 
proven to allow easier crystallization of membrane proteins (Sennhauser et al, 2007). More 
drastic solutions have even arisen in the last few years, such as inserting an easy crystallizing 
protein (i.e. lysozyme) in a loop of a G-protein coupled receptor (Cherezov et al, 2007; 
Hanson et al, 2008). This approach could also be successful with IIBCsuc if replacement of a 
soluble part/domain (such as the IIB domain) of IIBCsuc is not disturbing the protein structure.  
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Wirth, C., Condemine, G., C., Boiteux, C., Bernèche, S., Schirmer, T., Peneff, CM., (2009) NanC 
crystal structure, a model for outer-membrane channels of the acidic sugar-specific KdgM porin 
family. J. Mol. Biol., 394, 718-731. 
 
Wirth, C., Meyer-Klaucke, W. Pattus, F. & Cobessi, D. (2007). From the periplasmic signaling 
domain to the extracellular face of an outer membrane signal transducer of Pseudomonas 
aeruginosa: crystal structure of the ferric pyoverdine outer membrane receptor. J. Mol. Biol., 
368, 398-406. 
 
Wirth, C., Hoegy, F., Pattus, F. & Cobessi, D. (2006). Preliminary X-ray investigations of several 
crystal forms of the ferripyoverdine FpvA outer membrane receptor from Pseudomonas 
aeruginosa bound to ferripyoverdine. Acta Cryst. F, 62, 460-463. 
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Scientific communications 
  
Oral presentations: 
 
The structure of NanC porin provides further insights into sialic acid update by Escherichia coli. 
22nd Rhine-Knee Regiomeeting on the structural biology of biological macromolecules, 
Freudenstadt, Germany (2008). 
 
Regular group and floor seminars (about 5 a year). 
 
 
 Posters: 
 
Wirth, C., Condemine, G., Schirmer, T., Peneff, CM. (2009) Structure of the NanC porin from 
Escherichia coli, 13th European symposium of the Protein Society, Zurich, Switzerland. 
 
Wirth, C., Condemine, G., Schirmer, T., Peneff, CM. (2009) Structure of the NanC porin from 
Escherichia coli, USGEB 2009, Interlaken, Switzerland. 
 
Cobessi, D., Celia, H., Wirth, C., Schalk, I. and Pattus F. (2005) Structures of iron-siderophore 
outer membrane receptor from P. aeruginosa. 15th IUPAB & 5th EBSA International Biophysicis 
Congress, Montpellier, France. 
 
 
Other interests and activities 
 
• Swimming and hiking 
 
• Reading (especially historical, police and science fiction novels)  
 
• Informatics 
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